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INTRODUCTION 
CyroLocy in the early stages of its development, though 
largely a descriptive science, Was permeated with an ex- 
perimental spirit and attempts to relate it to the whole of 
biology were continuously being made. When at the be- 
ginning of this century cytology became linked to ge- 
netics there was a bifurcation into ‘‘karvology’’ and ‘‘ex- 
perimental cytology’ witha growing rift between the two. 
By 1935 most ‘tevtologists’’ were interested almost ex- 
clusively in the nucleus and in correlating chromosome 
behavior with genetic data, while the ‘*experimental ey- 
tologists’’ were in all too many eases concentrating their 
attention on the cytoplasm and ignoring (see Huskins, 
1945a) both karyology and geneties, or ‘‘eytogeneties’’ as 
the hybrid of the last two subjeets had come to be known. 
It had become evident by 1945 that there should be more 
research combining the techniques of eytogeneties with 
those of ‘‘experimental evtology.’’ Sueh is the basis of 
the research program of which this is a part. 
Cytogenetics as a hybrid seienece exhibited heterosis, 
especially in the period 1925-1940. Its original spurt at 
the beginning of the century had soon slackened but in 
the thirties it leapt ahead at an astounding pace. Franz 
Schrader (1947) has prepared an analysis of: (a) the 
causes of the advance, and (b) the present status of the 
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subject, with which I almost entirely agree. The issues 
Schrader discusses will not be considered in any detail 
herein. My own position first took form in 1942-43 
when, as a Guggenheim Fellow at Columbia University, I 
attempted to write an advanced text-book of cytogenetics. 
I began with the assumption that it would be necessary 
only to assemble existing data and point out exceptions 
such as are always expected in biological generalizations, 
but ended with the opinion that many of the exceptions 
no longer ‘‘proved the rule.’”? Rather, they invalidated 
several of the generalizations then, and still, accepted 
without serious question by the majority of geneticists 
and cytogeneticists. A number of cytologists, particu- 
larly those of the older schools, had long felt this, chief of 
these being Franz Schrader (cf. 1947) and his students 
but none had yet ventured a drastic restatement. In the 
present paper, five concepts considered to be of dubious 
validity will be mentioned; two will be criticized in detail 
and substitutes for them suggested. That the proposed 
substitutes will be entirely valid is inconceivable. If they 
stimulate others to make some of the necessary tests or to 
widen the range of possible interpretations of their own 
existing data, they will have served their intended pur- 
pose. 

Since 1943 the general concepts of chromosome and 
gene structure and action to be presented herein have been 
discussed with many workers in various fields and gradu- 
ally modified thereby. Those to whom I am indebted for 
various criticisms and suggestions are too numerous to 
mention but I must express thanks to L. C. Dunn, Franz 
and Sally Schrader, D. L. Thomson and Sewall Wright for 
encouragement at various times when it was most needed. 

In 1946-47 it became possible with the aid of Dr. Lotti 
Steinitz and Miss Rhona Leonard to carry out extensive 
studies of chromosomes in differentiated tissues of plant 
roots.. These studies extended those of earlier workers 
on specialized animal tissues and the total data seemed 
to demand some rationale of a more general nature than 
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any so far suggested. That given herein was therefore 
presented for criticism at the May, 1947, meeting of the 
Royal Society of Canada (Huskins, 1947) and at the Cold 
Spring Harbor Symposium on Quantitative Biology in 
June, 1947; it has not hitherto been published except in 
abstracts. It is published now becanse: (a) an increasing 
number of workers originally hesitant to consider it have 
begun to present data that are at least in conformity with 
expectation based on it, (b) complementary data on plant 
fruits and leaves have recently come to hand from 
Geitler’s students in Austria, and (¢) just as we had com- 
pleted our studies on differentiated root tissues in two 
plants and were preparing to proceed with others of dif- 
ferent types we discovered a method of inducing chromo- 
some reduction in somatic cells... Development of the new 
lines of attack on cytogenetic problems which this last 
discovery opens up will compel a temporary lessening of 
work on differentiation. 
Concepts To Bre ExaMInep' 

1. The concept of the chromosome as composed of two 
chromatids which are its ultimate subdivisions of signifi- 
eance for cytogenetics has been criticised from an ob- 
servational basis for many years by a number of cytolo- 
gists and by many cytologists for a number of years (see 
Kaufmann, 1948). It is attacked here, not only for its 
faulty observational basis, but also for its inadequacy in 
its implications for data of various other types. 

2. The concept that all cells of an organism possess the 
same chromosome and genie constitution as the original 
fertilized egg from which it arose, has from its initial 
formulation been known to lack validity for heterochro- 
matic chromosomes or regions. Since 1925, or even 
earlier, there has been a growing mass of evidence that 

1 There is, of course, much variation in the degree to which these concepts 
have been accepted, rejected or questioned by different workers. They are 
presented uncritically in the majority of textbooks and many research papers. 
To those who have not accepted any of them unconditionally, the author offers 


his apologies if at times he seems to be stressing the obvious or presenting 
the familiar as new. 
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this concept does not apply to many specialized tissues. 
It arose because continued observation of the same chro- 
mosome number in dividing cells of diverse tissues de- 
manded revision of the earlier concept that differentiation 
might occur through differential distribution of *‘deter- 
miners’’ in the segmenting egg and because it was found 
that any part of a plant which could be induced to grow, 
characteristically developed into a complete plant like the 
original. The development of the concept beyond the 
limits required by the data has, in my opinion, caused it 
to become a hindrance to thought. 

3. A third concept which is gradually gaining ground 
in connection with theories of gene structure and must 
therefore be critically examined herein is that derived by 
extension to the molecular level of deductions from ecyto- 
logical observations on the coiling: systems of chromo- 
nemata. It was shown in a series of papers by myself 
and students, while at MeGill University (Huskins and 
Smith, 1935; Wilson and Huskins, 1939; Sparrow, Hus- 
kins and Wilson, 1941; Wilson and Hutcheson, 1941; 
Sparrow, 1942) that the microscopically visible spirals 
change direction under the influence of at least three 
factors, that mechanisms analogous to those known at the 
macroscopic level suffice to explain all reliable existing 
data and that any theory based on the postulate that 
coiling (as distinct from the elasticity necessary to permit 
coiling) is determined by molecular structure rests on a 
very dubious foundation. Actually the system of spirals 
which is now appearing in the text books had its origin 
in a diagram by Kuwada and Nakamura (1934) that did 
not represent their text description. In the text and 
photomicrographs they showed eight strands in each pair 
of chromosomes. In the coiling diagram they showed 
only four. In response to a letter in which I pointed this 
out, Prof. Kuwada stated (October 31, 1936) : ‘*That the 
text-figure 3 was incorrect came to our notice about a 
month ago when we were discussing the mechanism of 
chromonemata coiling, but I hoped to see the result of 
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unravelling of the anaphase chromosomes before the cor- 
rection was made. Now I have received vour kind letter, 
and we are very much pleased to tell vou that we are in 
agreement with your opinion. I understand one geminus 
to be 8-stranded, but 4-partite (4 chromatids).’’ It was, 
however, by that time the basic feature of a superficially 
logical theory of coiling (Darlington, 1935), and shortly 
thereafter was enshrined in the currently most advanced 
treatise on cytology (Darlington, 1937) from which it is 
continuously being copied. Spiralization is relevant to 
the present issue chiefly because some protein chemists 
have apparently incorporated the erroneous concept in 
their thinking about gene structure. Since K. Stern 
(1947) postulates that the gene is a doubly coiled mole- 
cular spiral, it may be pointed out that such a structure 
would make it very difficult for corresponding loci to get 
together when distinct chromonemata fuse or homologues 
synapse in meiosis. Further, it is tempting, even if dan- 
verous, to lay some stress on the coincidence that at their 
most extended phase that can be studied microscopically, 
i.e., in salivary glands and at the earliest prophase of 
meiosis, the length of the chromosome complement (after 
adjustment for type of fixation) lies in the neighborhood 
of 1000-1500 u in such similar and diverse organisms as 
Trillium erectum (Wilson); T. grandiflorum (Sparrow) ; 
Liliwn pardalinum (Belling); Lilium regale (Sax and 
Sax); Tulipa silvestris (Upeott) ; Osmunda regalis (Man- 
ton); Drosophila melanogaster (Metz, Muller and others) ; 
Chironomus (Buek); and Sciara (Buck). Two marked 
deviations recorded are Neurospora (MeClintock) and 
the Grey Squirrel (Koller) but the former is anomalous in 
that the extension occurs after pairing, while the latter, 
like all mammals, is notoriously difficult material to study. 
It would be very interesting, from several points of view, 
if further data should give us some basis for picturing 
the chromosome at its fullest microscopic extension as a 
more or less fully extended molecular aggregation. 
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4. A fourth concept that needs re-examination in 
many, if not all, of its applications is that which attributes 
various aspects of chromosome behavior to their numeri- 
cal relationships. The discovery of 3-stranded chroma- 
tids and pentaploid and hexaploid mitoses in diploid 
plants in our current studies are only the most recent of 
many data incompatible with the concept. It is relevant 
to the present issue only with regard to the proposed 
hypothesis of chromosome and gene reproduction. 


D). The fifth concent, the chiasma theory of chromosome 
pairing, is not relevant to theoretical issues presented 
herein but the discovery, during the present work, of chi- 
asmata in differentiated somatic cells and of pairing with 
and without apparent chiasmata in meristematic root cells 
stimulated with sodium ribose nucleate are providing new 
data to be considered later. IK. W. Cooper (Schrader, 
1947) has so far made the most sophisticated attacks on 
this concept, but John Belling long ago (1933) recognized 
the significance of chiasmata yet realized that they could 
not be a sine qua non of chromosome association. 

The fourth and fifth concepts initially served a very 
useful purpose, as did the first, in directing attention to 
the significant features of the problems concerned and 
away from irrelevant details and false hypotheses. Their 
non-critical retention at this time, when a move away from 
mechanical concepts towards physiological or physico- 
chemical concepts has begun, may prove an equal hind- 
rance. The new concepts that will be introduced must 
be considered together after the evidence of the necessity 
for some revision of the older ones most relevant to pres- 
ent issues has been presented in more detail. Together 
they will form the basis for a series of working hypoth- 
eses, many of which it will not be within the capacity of 
the cytologist to test. To date the greatest achievement 
of geneties has been, as Darlington (1933) points out, its 
reconciliation of the genes as independent units in inher- 
itance while at the same time they are integrated in de- 
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velopment. The integration of the gene of heredity with 
the gene of development is one of its still distant goals. 
Genetics has still to become what Bateson defined it as: 
‘‘The physiology of descent.’’ It is hoped that critical 
reconsideration of old concepts and definite formulation 
of newer concepts that have been developing gradually 
in the minds of so many geneticists and cytologists in 
recent years will indicate steps that may be taken towards 
this goal. 
DETAILED CRITIQUE 

To the majority of cytologists today (see Schrader, 
1947) it is unnecessary to argue the case that the chromo- 
some is longitudinally subdivided microscopically to at 
least twice the extent it is subdivided in terms of Mendel- 
lan **vene-strings.”’ A pair of chromosomes in meiosis 
has four chromatids and one of these gets into each of the 
four nuclei resulting from the two divisions of meiosis. 
But by 1934 it had been demonstrated by at least four 
eytologists, Nebel, Huskins and Smith, and McClintock 
(see Sharp, 1934) that each chromatid is longitudinally 
double. Correlatively, though the anaphase chromo- 
somes which result from the separation of the ‘‘sister”’ 
halves of a single chromosome in mitosis appear under 
most conditions of fixation and staining to be unitary 
structures, careful observation had before 1926 (see 
Kaufinann, 1926) shown it to be composed of at least two 
chromonemata more or less intertwined. In his 1936 re- 
view of chromosome structure, Kaufmann (1936) listed 
twelve cytologists favoring this interpretation. In his 
forthcoming supplementary review (1948) he lists forty 
others. While weight of numbers cannot of itself be in- 
voked as evidence in science, such a trend of opinion, es- 
pecially when it is away from the standard concept of 
genetics and also of a most influential school of evtology, 
must have some significance. 


Karly efforts to get experimental evidence through X- 


rav breakage (Mather and Stone, 1933) gave results 
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interpreted as favoring the unitary concept, but in them 
the stage of mitosis, at which the irradiation was used, 
and the number of divisions between irradiation and 
examination were determined only by inference. Huskins 
and Hunter (1935) used Trillium pollen mother-cells un- 
dergoing the second meiotic division, which made it pos- 
sible to irradiate at a. known stage, and examine the 
results in nuclei known to be in the division cycle im- 
mediately following treatment. They found clear evi- 
dence of doubleness at anaphase, as did Marquardt 
(1938), and further, showed that breaks could reunite and 
thus obscure the evidence. Since that time there has 
been a general trend towards acceptance of the doubleness 
concept, but there have been two obviously valid reserva- 
tions by many workers: (a) it is held that there is a 
sharply defined period during the ‘‘ resting stage’? when 
a single strand becomes double and that irradiation 
thought to have been applied before this stage may 
actually have been applied after it, since there is always 
appreciable variation between different anthers and dif- 
ferent cells; (b) it ean be maintained that breaks affecting 
half-chromosomes are the result, not of the breaking of 
one strand in a two-stranded chromosome but of injury 
to one region of a single strand that prevents this region’s 
reproducing and thus forming a double-stranded strue- 
ture at the time the remainder of the chromosome does. 
In the most recent general reference on the ‘‘ Action of 
Radiations on Living Cells,’’ Lea (1946, p. 204) reaches 
the same conclusion as Huskins and Hunter: ‘‘If the X- 
ray experiments indicate that the chromosomes are split, 
this can be relied upon, but X-ray evidence for a chromo- 
some being unsplit is not final.’’ Not all biologists, how- 
ever, agree with this conclusion. The most recent re- 
search paper on this topic, by Swanson (1947) who 
formerly favored the unitary concept, shows diagrams 
stated to be conclusive for doubleness and promises photo- 
eraphic evidence for this conclusion. 

Nebel in a series of papers in 1932-386 (Nebel and 
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Ruttle, 1936) gave microscopic evidence of as many as 
four strands in an anaphase chromosome. Goodspeed 
and Uber (1935) gave support to this interpretation from 
the results of micro-incineration experiments. Of recent 
years most cytologists have come to feel that the number 
of strands may be very large and also variable in different 
tissues, as Nebel maintained. Kaufmann (1948) and 
Schrader (1947) point out that a chromosome which is 
single at one stage may appear double, or even four- 
stranded at another, and vice versa. My own opinion 
(1947) cited with approval by Schrader (1947) is: ‘*The 
general problem now appears to be not to what degree 
the chromosome is subdivided, but how it comes to behave 
as a bipartite unit in inheritance.”’ 

The significance of all this for theories of gene strue- 
ture and, later, of gene action is obvious. If a chromatid 
which by genetic analysis can be shown definitely to be a 
single string of Mendelian units, ‘‘genes,’’ is composed at 
the microscopic level of two or more distinct linear units, 
then obviously the ‘‘gene’’ is not structurally a unit at 
this ‘‘level’’ of observation (ca 0.5 u diameter) and it cer- 
tainly must be much more compound at the molecular 
level. The simplest model for the gene and its locus, a 
segment of a chromatid, that would fit up-to-date eyto- 
logical and genetic data jointly, would be something like 
a ‘‘bead’’ made out of plywood, which is at least 2-ply, 
almost certainly 4-ply, and probably x-ply, with # a num- 
ber varying from one to many at the microscopic level. 
The cementing material of such a plywood bead would be 
weakest between the two central laminations, thereby 
usually giving two equal units when it ‘‘splits,’’ but oe- 
casionally the bead would divide into the three units—as 
will be shown for the chromatid (Rhona Leonard, unpub- 
lished). Of course a more sophisticated model for the 
gene is necessary as soon as we pass bevond transmission, 
or Mendelian, cytogenetics. 

At this point it may be well to emphasize that the term 
‘foene’’? is a multivalued verbal symbol. As Darlington 
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(1939, p. 51) points out: ‘‘ Mendel ascribed the cause of 
the discontinuities which he discovered to incorporeal ‘fac- 
tors.’’’ Johannsen gave them the name ‘‘gene.’’ These 
were units of recombination and mutation. The analysis 
of linkage has led to their definition as the units of cross- 
ing over. ‘‘Later work... has invalidated this, or indeed 
any particle as a unit of variation for this reason: any one 
particle can cause variation in several different ways, by 
The use 


changes in quantity, in quality and in position.’ 
ot radiations for inducing chromosome breakages, ete., 
and, later, the use of special mechanisms for inducing 
‘‘natural’’ breaks (MeClintock, 1938) led to the more defi- 
nite association of Mendelian genes or groups of genes 
with bands of the salivary gland chromosome and with 
chromomeres in the pachytene chromosomes of corn. 

A concept of the gene which at present seems capable 
of uniting the existing data of various fields is that it is 
made up of identical lamellae of minimal organic molecu- 
lar ‘‘thickness,’’ 7.e., essentially one-plane units, which as 
Mazia (1947) has argued, would be the least likely to err 
in ‘‘ecopying’’ themselves. (These lamellae, in turn, 
would probably be composed of fibrillar units as in simple 
protein molecules.) This lamellar concept has been con- 
sidered the most plausible by many geneticists in recent 
years, but there have been objections to its aeceptance, 
some of which are removed by our own and others’ work 
on endopolyploidy. It is adopted herein and the subsid- 
iary hypothesis made that the separate lamellae may be 
considered the genes of development and differentiation, 
while the aggregates of them which separate as unitary 
bundles in mitosis are the genes of heredity. This may 
be expressed in symbols as follows: 

The gene of heredity (which the cytologist may for pres- 
ent purposes associate with a segment of a chromatid) 
=G. This gene is multiplied by fission and its increase 
is therefore ordinarily geometric. The more basic self- 
reproducing unit (which we are calling the gene of devel- 
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opment and differentiation) =g. It may for present pur- 
poses be associated with the postulated lamellae and with 
a segment of a chromonema or the finest subdivisions of a 
chromatid visible under the microscope. Its increase is 
not necessarily geometric. 

Concerning ‘*‘The Nature of the Gene,’’ Waddington 
(1939, p. 399) writes: ‘*The gene, then, must in some way 
act as a model on which the new gene is formed. This ean 
occur only if chemical forces originating in the radicals in 
the gene can extend far enough to influence the nature of 
radicals formed in the equivalent places in the new gene. 
The thickness which we can postulate for the gene is there- 
fore limited by the distance through which we can imagine 
such chemical forces extending.’ Probably the maximum 
estimate which is chemically reasonable is about 10 muy, 
which is the order of magnitude of the thickness of the 
repeat units out of which protein ervstals are built. This 
is of the same order of magnitude as the estimate given 
above for the maximum thickness of the chromosome 
thread [{Muller’s estimate from volume of Drosophila 
metaphase chromosome, assuming that it contains only 
chromonemata, i.¢., no ‘matrix’|. It is therefore impos- 
sible to reject, from consideration of gene reduplication, 
the idea that the gene is a single unit. On the other hand, 
a further difficulty arises in this connection, namely the 
necessity to find some mechanism which accounts for the 
fact that only two genes, the old one and the new, are pres- 
ent at the end of each intermitotie period. The reduplica- 
tion occurs only once. No plausible hypothesis to account 
for this has been put forward. 

‘*Alternatively, we may assume that the gene is com- 
pound, consisting of a number of identical sub-units. 
Such a supposition probably simplifies the task of ae- 
counting for gene reproduction. The chemical forces on 

1 Evidence on position effect, synaptic forees and serological reaction 
through relatively thick membranes enforce an extension of our imagination 


in this regard. 
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which the identity of the new and old gene depend would 
not have to extend so far from the radicals to which they 
were due, since the thickness of the sub-units would be less 
than that estimated for the whole chromosome thread. 
Similarly the reproduction might continue gradually, and 
the gene grow until it eventually split into two by reason 
of some instability which increased with increasing size, 
such as that which causes a drop to break up when it 
passes a certain size limit. The difficulty of this hypothe- 
sis, aS Was pointed out before, is the fact that some genes 
(though only a few) show more or less equal rates of back 
and forward mutation.’’ 

In stating this last difficulty Waddington has failed to 
realize the possibility pointed out by Sewall Wright 
(1945) that damage to one lamella may either spread 
through all of them or be ‘‘restored rapidly to the type of 
the others, ...a process which might conceivably occur 
from the same mechanism as involved in the duplication 
process.’’ We know, of course, that ‘‘chromosome muta- 
tions,’’ i.e. breaks, occurring in chromonemata or half- 
chromatids, are usually ‘‘healed.’’ Wright, incidentally, 
is deterred from pressing the lamellar concept further 
only by the axiom of gene identity in all cells—‘ If we pos- 
tulate that particular genes are the models for each kind 
of protein, we encounter the difficulty that while each gene 
produces only one daughter gene between cell divisions, it 
would probably have to produce millions of protein mole- 
cules to account for doubling of the cell.’’ 

Dr. Addison Gulick in personal conversation (approved 
for publication herein) is of the opinion that ‘‘owing to 
the organizing forces between the lamellae or molecular 
strands, if one lamella or strand in a protein molecule is 
made to diverge from its neighbor in atomic arrangement 
the chances are that either the neighbor would pull it back 
to its original condition or that it would reorganize the 
neighbor to correspond to itself.’’ 

The biological stability of living organisms, which has 
its foundation in the stability of their chromosome organi- 
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zation, would lead us to expect reversion to the original 
condition in at least the majority of cases. The relative 
rarity of mosaicism is therefore expected even on the la- 
mellar hypothesis of gene structure while its occasional 
occurrence could thereby be explained, and also correla- 
tively, the delayed appearance of mutations (Demerec, 
1946, and many others, unpublished). On this hypothesis, 
the delay or lack of it would depend, for ‘‘gene muta- 
tions,’’ on the number of lamellae affected and the degree 
of reorganization by neighboring lamellae. For ‘‘chromo- 
some mutations’’ it would depend upon the number of 
chromonemata damaged and their degree of repair. The 
latter could be related in part to the permanency, or lack 
of it, of the chromonemal subdivisions of the chromatid. 
They vary in degree of separation and of apparent fusion 
in different types of cells and under different conditions— 
apart, of course, from fixed effects. 

An interesting speculation off the main track of our 
argument, concerns the problem of mutation rates in di- 
verse organisms. Muller (1947) has reminded us that the 
limited data available indicate that in man and Drosophila 
mutation rate may be somewhat in proportion to life span. 
It is difficult to see how, on the older concepts, this ap- 
parently necessary relationship could be established by 
natural selection, though it is, of course, not impossible 
that the wave of degeneration that wipes out most, if not 
all, of the spermatogonia produced before puberty in man 
should perhaps be considered further in this connection. 
It may, however, be pointed out: (a) that if the ‘‘lamella’’ 
and chromonema are the units of most frequent ‘‘natu- 
ral’’ gene and chromosome mutation respectively and (b) 
if ‘‘mutation’’ of subdivisions of a gene or of a chromo- 
nema can be repaired by reorganization and fusion, re- 
spectively, then the effective mutation rate should be pro- 
portional to the mean interkinettie period of mitosis in any 
organism, Which may in turn have proportionality to life 
span. Some tests of this speculation immediately suggest 
themselves—e.g., correlation of mutation rate with rate of 
cell division within one organism. 
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We may examine next the classical concept that all cells 
of an organism have the same chromosome and genic con- 
stitution. This developed gradually after the identifica- 
tion of the chromosomes as the bearers of the hereditary 
factors and was given a definite formulation by Hertwig 
(1918): ‘‘the law [number law] of chromosomes teaches 
that the number of chromosomes in all cells of a plant or 
animal species on occurrence of nuclear division is always 
exactly the same, whether we are concerned with an epi- 
dermis, a cartilage, a muscle or a gland cell’’ and also 
‘*... so that finally every nucleus of every tissue cell is 
composed of equivalent amounts of chromatin of maternal 
and paternal origin increased [in ontogeny] by growth.’’ 
(translation). 

It reached what is probably its most decisive formula- 
tion in the words of Glaser (1941): ‘All cells, whether 
they continue to divide or not, ultimately contain the same 
genetic proteins in equal quantities.’’ 

That it is taken as an axiom by most biologists is re- 
vealed in the statement of Sinnott and Bloch (1946) :‘‘The 
paradox of plant development is the origin of differences, 
often profound ones, among cells which are presumably 
identical in their genetic constitutions.’’ These authors 
were, of course, aware of the facts of polysomaty and 
probably intended only to stress the point that one cannot 
assume segregation of determinants, as some did prior to 
the development of genetics, to account for differentiation. 
Literal acceptance of the statement could, however, mis- 
lead. 

In 1905 Nemec had proved that the enlarged nuclei of 
the vascular bundles in root tips are polyploid and had 
postulated an inner chromosome increase. Various iso- 
lated cases of polysomaty were reported in insects and 
plants before O. Hertwig made his 1918 generalization 
that all cells are alike in chromosome number, but some 
were minimized as due to nuclear fusion and others were 
ignored. Winkler in 1916 found that tetraploidy and octo- 
ploidy occur quite generally in the permanent tissues of 
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Solanum species, but fifteen years later the polyploid to- 
matoes produced by a modification of his method were 
attributed to nuclear fusion (Mather, 1933). 

From 1925-19389 statistical studies of nuclear size in 
large numbers of cells of many tissues of plants, insects 
and mammals, including man, were made by Jacobj, G. 
Hertwig, Clara and others. When frequency was plotted 
against nuclear volume within any one tissue a curve with 
many maxima was obtained. These studies showed that 
the occurrence of giant nuclei could not be accounted for 
by random cell or nuclear fusion. They were most plaus- 
ibly accounted for by assuming successive doublings of 
the chromosomes with growth and other subsidiary fac- 
tors causing deviations from a precise 1:2:4:8... pro- 
portionality. G. Hertwig stressed the significance of the 
approximate proportionality while others stressed the 
deviations from it (see Geitler, 1941). 

Geitler (1939) made ingenious use of the heteropyenotic 
sex chromosome of Gerris lateralis (the water skater) to 
determine the extent of replication of the chromosomes in 
non-dividing tissues. Many were found to be polyploid, 
the highest number being found in the salivary glands 
where up to 1,024 heteropyenotie bodies, representing 
twice that number of sets of chromosomes, were found. 
In 1941 Geitler presented an extensive review of endo- 
polyploidy, or polysomaty, in plants and animals, but 
owing to the war this most valuable paper only recently 
came to our attention. Recently also there have ap- 
peared papers by Geitler’s students, Lauber (1947) and 
Jiihnl (1947), showing that differentiated cells in plant 
fruits and succulent leaves that were induced to divide by 
wounding (stimulation by wound hormones) are poly- 
ploid. The work reported in these latest papers was 
carried out partly during the early years of the war and 
there seems little doubt that had his work not been dis- 
rupted, Geitler would have presented before this some 
further generalizations on the significance of endopoly- 
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ploidy in diiferentiation. In his 1941 review he offers 
various possible explanations of the mode of origin of 
diverse types of chromosome multiplication and stresses 
the complexity of the problem and hence the difficulty of 
reaching generalizations on its significance. Herein, as 
indicated initially, it is simplified for the purpose of for- 
mulating working hypotheses. In later reports by mem- 
bers of our group the complications will be presented. 

For present purposes endopolyploidy or polysomaty 
and polyteny may be considered together: the terms, in 
any case, have not always been used discriminately; the 
first carries an implication of mode of origin which the 
others do not. The first two refer to the presence of repli- 
cated separated chromosomes; the last to replicated 
chromonemata still held together at the kinomere or 
throughout their length. Every type of intermediary and 
combination of polysomaty and polyteny has been found 
in our work and in that of various others. They are in 
some cases and to some extent reversible or interchange- 
able. All that concerns us here is that the chromosome 
material reproduces itself and accumulates in non-divid- 
ing cells. 

Berger (1938) found that in the larval ileum of the mos- 
quito, Culex pipiens, n= 3, the nuclei as they enter pro- 
phase contain six bundles of chromosomes each containing 
1, 2, 4, 8, or 16 closely synapsed pairs of chromosomes. 
The diploid number is restored by a series of reduction 
divisions. Grell (1946) has recently confirmed various 
details and some of our own observations on plants are 
very similar. 

Wipf and Cooper (1988) and Wipf (1939) found that 
root nodules of legumes infected with Rhizobium have 
characteristically twice the normal chromosome number, 
whether the latter is diploid, tetraploid or hexaploid. 

It is generally agreed that the salivary gland chromo- 
somes of the Diptera are composed of two fused bundles 
of chromonemata. Differences of opinion on the details 
of their number, coiling, arrangement or diameter do not 
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seriously affect present issues; nor does the evidence of 
Goldschmidt and Kodani that there are only four major 
subdivisions in a synapsed pair of salivary gland chromo- 
somes. This is actually expected on a sophisticated view 
of the significance of the number of ‘‘chromonemata’’ in 
chromosomes of any tissue or organism. 


[It has long been known that the cells of the tapetum of 
flowering plants are polyploid, but the details were long 
obscured by the hypothesis of amitosis and their signifi- 
eance (D. C. Cooper, unpublished) has probably been 
equally obscured until very recently by a semantic block- 
age. 

Subramaniam (1947a) has recently claimed that there 
is a relation between endopolyploidy and enzymatic ac- 
tivity in yeast and he has also suggested (1947b) that it 
is significant in the development of the macronucleus in 
ciliates. But see Sonneborn (1947, p. 294)! Further 
work on such organisms from this point of view is ur- 
gently needed and Sonneborn suggests genetic methods 
of attack. 

De Litardi¢re in 1923 found polyploid nuclei in the 
plerome and periblem of spinach roots. They have since 
been found in forty members of the Chenopodiaceae. 
Lorz (1947) has reviewed these and other cases 0. ‘‘super- 
numerary chromosomal reproductions,’’ particularly in 
plants. White (1945, pp. 33-34) expresses the opinion 
that in insects they must have some relation to differentia- 
tion: ‘* The whole process of histological differentiation in 
insects seems to be intimately bound up with this phe- 
nomenon of endopolyploidy, each organ and tissue having 
its own characteristic degree of ploidy, some being en- 
tirely composed of one type of cell while others are 
mosaics of cells with different multiples of the funda- 
mental diploid number. To what extent endopolyploidy 
occurs outside the Insecta is not known at present, but 
there are indications that it is fairly widespread in many 
groups of animals.’’ 
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OBSERVATIONS, IN SUMMARY 


With the help of Dr. Lotti M. Steinitz, a study of chro- 
mosome numbers in differentiated tissues of plant roots 
was outlined in 1946. The first approach was by the 
method used by Geitler on Gerris. After a number of 
plants had been tried it was decided that Rhoeo discolor 
provided a favorable combination of large nuclear size, 
ease of growth in culture solutions and clarity of hetero- 
chromatic regions (‘‘knobs’’ or ‘‘prochromosomes’’) in 
resting nuclei. There are, unfortunately, more ‘‘knobs’’ 
than desirable for use in counting, especially as they fre- 
quently fuse and also vary in size, apart from fusion. In 
presenting the results (Table I), which will be pub- 


TABLE I 
HETEROCHROMATIC BODIES IN RESTING NUCLEI OF Rhoeo discolor 


Mm No. Mean no. S.D. 


from tip of nuclei hetero. M aaa 
1 190 11.1 i | 4.47 
2 100 12.1 2.8 7.81 
3 99 18.1 $.7 22.09 
101 20.6 4.97 24.74 
5 101 21.3 5.02 25.29 


Differences of Means: 1: 2, not significant ; 1:3, not significant ; 1:4, 9.5+4.74 


P=0.045; 1:5, 10.2+4.79 P=0.04—0.03. 

lished in detail elsewhere, it is emphasized that there is 
an appreciable subjective factor in the collection of the 
data. Nevertheless, since this was recognized and steps 
therefore taken to minimize it, the fact that there are 
twice as many ‘‘knobs’’ in differentiated as in meristema- 
tic cells must be at least as significant cytologically as it 
is statistically. 

To get more convineing data, however, we decided to 
use indole-3-acetic acid on Rhoeo roots to stimulate di- 
vision in cells that ordinarily would not have divided 
again. Knowing that various cytologists had found poly- 
ploid cells following treatments with growth hormones 
and had attributed the polyploidy to the treatment, we 
used very high concentrations for short periods, instead 
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of mild treatments for long periods, as other workers had 
done. We have reasons, which will shortly be published 
in detail, for concluding that the polyploidy found in dif- 
ferentiated cells of Rhoeo roots is merely revealed, not 
produced, by the treatments. A similar study on barley, 
with Rhona Leonard, was conducted with every effort 
being made to avoid the results of the one study influenc- 
ing the other. They gave surprisingly similar results 
(Tables II and III). 
TABLE II 


Chromosome number 


Treat No. n 2n dn Gn Sn % 
reat- after 
of Region Poly- 
mene Chromatid number per chromosome  pjoid 
Z- G6 2 4+ 2+ 
Rhoeo 6 O-6 Meristem 22 0 
discolor Differ’d 28 0 
Indole- 8 7-12 Meristem 398 ft) 
Acetic Differ’d 72 15 3 20.0 
Acid 
Suan 4 13-18 Meristem 114 0 
Differ’d 556 180 93 2 2 33.2 
4 hours 
5 19-21 Meristem 228 0 
Differ’d 2 349 175 69 8 2 41.9 
4 22-2 Meristem 224 0 
Differ’d 243 35 46 25.0 


In evaluating the significance of the proportion of cells 
found to be polyploid it must be realized: (a) that Tables 
II and III show not the proportions of total cell number 
but the proportions of those that are dividing—whereas 
Table I shows the condition in non-dividing cells; (b) 
that in plants there are many cells, distributed through- 
out the tissues, that continue to divide throughout the 
life of the plant. It is generally agreed that, short of 
death, differentiation, in general terms, is neither as defi- 
nite, nor as irrevocable in plants as in animals. 

It must further be emphasized that Lauber’s and 
Jihnl’s results on fruits and leaves are completely com- 
plementary to ours both in tissues studied and agencies 
used to stimulate divisions; they do not, however, have 
as extensive data and do not record the number of cells 
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examined. Owing to the war, Geitler and I had no con- 
tacts from August 1939 until six months ago, and the 
studies were therefore not only conducted completely in- 
dependently but also in mutual ignorance of each other’s 


work. 
TABLE III 
Chromosome number 
Treat- No. after n 2n tn dn 6n Sn % 
of Region - Poly- 
ment Chromatid number per chromosome 
ment ploid 
2 2 4 6 8 4 
Barley 2 0-3 Meristem 1 0 
Indole- Differ’d 0 0 
Acetic 3 4-9 Meristem 167 0 
Acid Differ’d 25 5 5 28.6 
20 p.p.m. 
10-15 Meristem 169 0 
oO 
Differ’d 47 20 1 30.9 
7 16-21 Meristem 420 0 
Differ’d 158 so 1 26 1 29.5 
2 22-28 Meristem 124 0 
Differ’d 70 10 3 6 1 2 22:3 
40p.p.m. 3 21-28 Meristem 96 0 
4 hours Differ'd 82 12 $ 2 18.0 


Discussion AND FoRMULATION OF RATIONALE AND 
Worktne HyporHeses 

A phenomenon as widespread as endopolyploidy is now 
known to be must have some rationale. It seems worth 
while to see whether it can be related by a series of work- 
ing hypotheses to the problem of differentiation. So long 
as it was known predominantly in glandular or ‘*‘nutri- 
tive’’ cells it was possible to speculate that it was a device 
for securing greater genic activity, and in various forms 
this ‘‘explanation’’ was proposed. In spinach roots it 
was supposed to be related to carbohydrate storage 
(Gentscheff and Gustafsson, 1939). Such explanations 
ignored the eases where no extra activity could be postu- 
lated. The number of these has steadily increased, par- 
ticularly with the work of Lauber, Jihn! and ourselves. 
Lauber and Jiihnl have emphasized the degree of poly- 
ploidy found in different tissues (as White does in insects, 
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while showing also its variability in some cases) whereas 
we have shown that different degrees of polyploidy occur 
throughout various tissues of plant roots and that no one 
degree is characteristic of any type of cell. 

It has also been suggested that polysomaty may directly 
determine differentiation. This possibility seems to be 
implied by Geitler (1941) when he stresses that in certain 
tissues of Gerris a specific degree of polyploidy is char- 
acteristic, but if so he clearly recognized its inadequacy 
and lack of general applicability. While the regularity 
of certain degrees of polyploidy in some tissues does 
readily suggest a direct relationship with cellular differ- 
entiation, reflection on the usual lack, or rarity, of any 
striking qualitative differences between diploid and auto- 
polyploid organisms renders any such idea highly specu- 
lative. 

In presenting a possible rationale from which deduc- 
tions can be made and a number of testable hypotheses be 
formulated, it will of course be necessary at certain points 
to go far bevond the data currently available. With Dar- 
lington (preface to first edition, 1932) I prefer to pro- 
ceed from open assumptions rather than from those con- 
cealed in a naive failure to distinguish between ‘‘fact’’ 
and hypothesis. So stated, the hypotheses can be checked 
and if found invalid discarded without a moment’s hesita- 
tion or regret. For an analysis of the dangers in this 
method of procedure see Huskins (1945-46). If seen, 
they too can be avoided as they are psychological and 
readily understandable. 

Formulation of the general rationale involves consider- 
ation of the total data on polysomaty, of the evidence that 
a chromosome is composed of more longitudinal subdi- 
visions than there are hereditary ‘‘gene strings,’’ of the 
possible structure of nucleoproteins, and negatively, of 
the concept that all genes reproduce, or ‘‘act,’’ at the 
same rate in all tissues. This last is the extension of the 
law of uniformity of chromosome number on which most 
physiologically-minded geneticists have proceeded. Let 
us consider it first. 
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Frank R. Lillie in 1927 stated that, apart from Gold- 
schmidt’s theory that there is a quantitative regulation 
ot the rate and time of activity for each gene and also a 
lock-and-key relationship between gene and substratum, 
he knew of no adequate attempt to apply the theory of the 
gene to the problem of embryonic segregation. He con- 
tinued that he did ‘*not see any expectation that this will 
be possible, even in principle, so long as the theory of the 
integrity of the entire gene system in all cells is main- 
tained.’’ Since then most geneticists have, however, con- 
tinued to work on what are essentially the two postulates 
ot Goldschmidt as outlined by Lillie though the first, per- 
haps because more difficult to reconcile with the dogma of 
genic identity of all cells, has received the less considera- 
tion. Concise summaries of the advances that have been 
made in special cases are given by Goldschmidt (1938) 
and Waddington (1959). The general conclusion which 
must be reached from them is that, as Goldschmidt states, 
pp. 280-1,: ‘‘the cytoplasm is mainly the substratum for 
genic action, in which all those diverse processes take 
place which constitute development and which are steered 
by the genes.’? He continues that thus far ‘‘no fact is 
known that could foree us to assume that specific heredi- 
tary traits exist that are transmitted through the ecyto- 
plasm and are individually caused by a genetic property 
of the eytoplasm. The plastids of plants are probably a 
third independent constituent of the cell in regard to 
heredity.’’ Since that was written there have been cases 
established in which genetic units in the cytoplasm, cyto- 
genes apparently must be postulated. Consideration of 
‘cytoplasmic heredity,’’ plasmagenes and plastid inherit- 
ance would lead us too far afield. It may, however, be 
pointed out that plastids are now known (Frey-Wyssling, 
1938) to have a structure somewhat similar to that here 
adopted as a working model for the gene, though, of 
course, on a much larger seale, and further, that at least 
some plasmagenes can be interpreted as ‘‘platelets’’ or 
lamellae, produced originally by the chromosomes, which 
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have achieved a measure of autonomous development in 
the cytoplasm. Hiimmerling’s Acetabularia experiments 
provide a case *‘in which the production of morphogenetic 
substances has been shown to be under the direct control 
of the nucleus’’ (Waddington, 1939). Sonneborn’s 
(1947) ‘‘kappa substance’’ is perhaps one of the best es- 
tablished cases of a cytoplasmic entity that: is in a sense 
autonomous, but it can continue to reproduce only in the 
presence of gene K. 

There is no doubt whatever that differentiation of the 
cytoplasm can cause identical gene products to give differ- 
ent end-products in different cells or tissues. The issue 
is whether such a system can give all the results that have 
to be accounted for; or do we still need to postulate dif- 
ferential activities of the genes in different tissues and/or 
at different times? 

C. Stern (1936, 1940) has analyzed the issues that most 
concern us. He states the problem thus: ‘‘if each cell 
encloses the same whole group of determiners, how is it 
possible that . . . differentiation. [. . . takes place] ?’’ 
He answers: ‘‘If the agent, the genes, is unchanged in 
different parts of the embryo, then the reagent, the 
plasma, must be diversified.’’ To account for the differ- 
ences between different cells of the embryo, ‘‘it is neces- 
sary to assume a diversification of plasmatic regions al- 
ready in the undivided egg.’’ There is experimental evi- 
dence for such diversification. But Stern also shows that 
this does not provide a sufficient explanation of differ- 
entiation. It does not account for those cases in which 
mutated cells differentiate according to their new consti- 
tution and not that of the cell which before mutation must 
have elaborated the supposed gene-products in the 
plasma. He coneludes (in a different context) that the 
mutated genes must have exerted their effect during the 
resting stage through the nuclear membrane. Though un- 
doubtedly valid, this conclusion does not dispose of all 
the issues. Stern further points out that the term ‘‘time 
of action of a gene in ontogeny”’ involves the notion of 
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representative particles and, further, that the usual as- 
sumption of continuous action of genes seems to contra- 
dict ‘‘their assumed role in ontogeny, which asks for a 
timed activity.’’ He concludes, however, that ‘‘the timing 
of specific effects of genes can not be regarded as a prop- 
erty of the gene itself but must be looked for in the inter- 
action of the whole developing complex.’’? Again this is 
obviously true, but vet again it does not dispose of all the 
issues. The situation is parallel to that of hereditary 
transmission, in which everyone recognizes that when we 
speak of a particular gene producing a certain effect we 
really mean that the effect is the product of the whole gene 
complex in which that particular gene is the differential 
and Stern would probably be the last to deny particularity 
to the genes on this basis. 

Muller (1947) points out that in 1899, before the heredi- 
tary determiners had been linked to the chromosomes, 
DeVries suggested that the ‘‘Primary products”’ of the 
‘*determiners’’ were much like the determiners and pro- 
duced by a process akin to their duplication. Perhaps 
the ‘‘chromosome theory’’ so useful in studies of heredity 
has been a handicap to physiological genetics. Can the 
lamellar concept remove it? 

Stern concludes by asking: ‘‘Is the assumption df iden- 
tical genes in all parts of the individual justified? The 
‘proofs’ for this assumption are only of indirect nature. 
It is plausible to assume that the constitution of the genes 
changes in different parts at definite times and that these 
changes are reversible in some, non-reversible in other 
parts. The assumption that the interactions between 
gene and the plasmatie surroundings result not only in 
changes of the latter but also in changes of the genes is 
purely speculative at present. But is it any more specu- 
lative than the orthodox one?”’ 

That reactions which ean account for much differentia- 
tion undoubtedly occur between genes or gene-products 
and a diversified eytoplasm does not detract in any sense 
from the significance of the question: can the genes re- 
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produce themselves or their products differentially at dif- 
ferent times and in different tissues? Are there any data 
which definitely prevent us from assuming the possibility 
that they can? If not we can formulate working hypoth- 
eses that will enable us to make the necessary tests. 
The dogma of chromosome and gene identity in all cells 
was one barrier to acceptance of the possibility. It is 
swept aside by the total data now available on polysomaty. 
The concept of the gene as a unitary organic molecule was 
another. So long as it was-held, each gene, as Wright 
pointed out, could be assumed to divide once, and once 
only, between successive cell divisions. The evidence that 
the geneticists’ supposedly unitary chromatid is actually 
two or more stranded greatly reduces the cogency of this 
supposed barrier. When tied in, even in the most tenta- 
tive way, with the chemists’ picture of proteins as ‘‘lamel- 
lar’’ in structure and, at the other end of the seale, with 
the evidence that a third known type of self-reproductive 
particle, the plastid, is composed of ‘‘micellae,’’ we can 
take it that the possibility of differential gene activity 
cannot be ruled out. 

Adoption, provisionally of course, of the subsidiary 
| hypothesis that genes act by reproducing themselves, 7.¢., 
their ‘‘lamellae,’’ which are distributed, before or after 
breakdown into their constituent nucleotides, ete., will 
enable the chemist to test for differential activity by look- 
ing for chemical differences in chromosomes extracted 
from different tissues. Mirsky and Ris (1947) have re- 
ported, without giving any details, that they have recently 
found differences. Analysis of chromosomes from the 
same tissue of animals differing with respect to genes such 
as, for instance, those determining yellow or white fat in 
rabbits, and excretion of phenyl pyruvie acid (or the ap- 
parently analogous condition, alkaptonuria) in man might 
give more decisive evidence. The disagreement among 
Mirsky, K. Stern, Stedman and others on the nature of the 
‘‘chromosomes’’ they extract could, in turn, when settled, 
provide information on whether it is the genes themselves 
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or gene-products or, in different cases, both that are in- 
volved. In some genic set-ups it may be possible to make 
chemical tests of nuclei without extraction of the chromo- 
somes. 

[f in the testing of this subsidiary hypothesis there is 
also (provisionally and not unconsciously as is so often 
done) an identification of the genes with specific segments 
of the chromosomes, the hypothesis of differential activity 
can be tested by the descriptive cytologist. Is there any 
evidence yet available? 

Shortly after the discovery of the genetic significance 
of the banding of salivary gland chromosomes, Berger 
(1940) presented evidence that the pattern of the bands 
was similar in different tissues and concluded from this 
that the bands may be identified with the genes (since the 
latter were assumed to be the same in all tissues). He 
noted variations but considered them random. As in all 
studies by competent eytologists, greater weight must be 
placed upon a considered opinion which is based on an 
extended study of many cells than upon the reader’s in- 
terpretation of the few photographs with which that 
opinion is documented. Nevertheless, it is interesting to 
note that Berger’s photomicrographs may be interpreted 
as showing greater similarities between chromosomes of 
the same tissue than those of different ones. Point is 
added to this possibility by the very recent work of Koss- 
wig and Shengiin (1947). They claim significant strue- 
tural differences between giant chromosomes from sali- 
vary glands and Malpighian tubules in Chironomus, which 
sause them to conclude that the bands do not represent 
the genes. It is necessary neither to minimize the signifi- 
cance of Berger’s general conclusion nor to accept that of 
Kosswig and Shengiin in reaching one’s own conclusion 
that the subject needs further investigation. It is, of 
course, from studies of such giant chromosomes that the 
cytologist is most likely to get evidence for or against the 
concept that genes may be differentially active in different 


tissues. 
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For heterochromatic chromosomes or regions, it has, of 
course, long been known that differences oceur in different 
tissues. For the most part these differences are too 
crude and too simple to furnish the basis of any general 
hypothesis of gene action and, further, it is of course well 
known that they do not carry discontinuities of the type 
generally known as Mendelian genes. They do, however, 
in many if not all eases, have an influence on the ‘‘ physiol- 
ogy’’ of the organism, tissues, or cells bearing them. 
Again, further studies are needed. It may be added that 
the experiments in which we discovered a means of induc- 
ing somatic reduction were planned as a part of a series 
of studies on the more subtle forms of difference in stain- 
ing capacity of chromosomes under different conditions 
which is known as ‘‘differential reactivity’’ (Wilson and 

300throyd, 1944). The appearance of this is not con- 
fined to cold treatment and is not simple ‘‘nucleic acid 
starvation’’ as claimed by Darlington and La Cour (1940). 

Differences between nuclei derived from a single mitosis 
and therefore presumably identical in constitution were 
early studied by Boveri (see KE. B. Wilson, 1928, pp. 325 
and 1091) who showed the differences to be initiated by 
the localized environment. Similar studies by Robert 
Dunean (Huskins, eé al., 1947) of the two nuclei pro- 
duced by the first microspore mitosis in an orchid have 
shown: (a) that desoxyribose nucleic acid is discharged 
from the ‘‘ resting, vegetative’’ nucleus into the evtoplasm 
while being retained in the generative nucleus which is 
to produce the male gamete, and (b) that the same applies 
to arginine, as determined by the Sakaguchi reaction. 
Prokofieva-Belgovskaja (1947) shows somewhat similar 
differences between * nuclei but interprets them 
as ‘Mother’ and ‘Daughter’ Chromosomes. ’’ 


sister’ 


CoNCLUSIONS 


The concept that all cells of an organism have the same 
chromosome constitution as the original zygote from 
which they arise is shown to be invalid, in a quantitative 
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sense at least, by the total data on endopolvploidy. It 
e@nay have been a very misleading concept, having caused 
us to look at the whole problem of the nucleus in relation 
to differentiation and development from the wrong end. 
Certainly it has deterred us from looking intensively for 
evidence of possible differential reproduction of genes in 
different cells. 

The data now available on endopolvploidy can best be 
encompassed by the hypothesis that the chromosomes con- 
tinuously reproduce themselves in all actively living cells 
and that if nuclear division ceases, or does not keep pace 
with chromosome reproduction, polyteny and endopoly- 
ploidy are the result. On this view endopolyploidy is no 
longer the problem. The problem is how the original 
zygotic number of chromosomes is maintained; by what 
mechanisms are chromosome reproduction and nuclear 
division synchronized in tissues which retain the original 
number of chromosomes? We have shown directly and 
statistically that reduction in the number of chromosomes 
and the apparent number of chromonemata can occur in 
normal tissues, as Berger has shown in the larval ileum of 
the mosquito. We have also obtained endopolyploidy ex- 
perimentally as a result of slowing down the rate of 
nuclear division (this is not to be confused with the col- 
chicine effect) and we are inducing reduction divisions 
in somatic tissues. 

The concept that the chromatid is the basic cytological 
unit, as it is the unit of genetic crossing-over and segre- 
gation, is even more definitely wrong. For many years 
evidence has steadily been accumulating that the chroma- 
tid, or half-chromosome, is composed of from two to many 
chromonemata. The problem today is, not to what extent 
is the chromosome subdivided, but how does a multi- 
stranded body come to behave as a unit in hereditary 
transmission. Ever since the unitary gene of heredity 
was located in the chromatid, we have been looking at the 
problem from the outside in, instead of from the inside 


looking out. 


| 

| 
| 


No. 801] SUBDIVISION OF THE CHROMOSOMES = 429 


The concept of the gene and chromatid as multiple units 
composed of identical sub-units permits us, mentally, to 
vet inside the gene and the chromosome and to consider 
what external manifestations would be expected if our 
concept is correct. The cytologist can check some of the 
manifestations under the microscope and this has been 
done, so far as simple quantitative differences between 
cells and tissues are concerned, through the many investi- 
gations of endopolyploidy and polyteny. The geneticist 
can check others by the study of mosaics, delayed appear- 
ance of mutations, ete. 

The possibility of qualitative-quantitative differences 
ean possibly be checked by very detailed comparisons of 
the banding pattern in giant chromosomes. Further com- 
parisons of heterochromatic and ‘‘differential’’ regions 
in different tissues must also be made. The biochemist 
analyzing ‘‘chromosomes’’ extracted from different tis- 
sues of the same organism and similar tissues of organ- 
isms differing for certain genes may get more precise 
evidence but if differences are found, their significance 
for theories of how the differences are produced will await 
settlement of the issue of whether the extracted ‘‘chro- 
mosomes*’ contain the complete protein moicties as well as 


the nucleic acids. 

The simplest interpretation of endopolyploidy would be 
that the genes in carrying out their activities, at the same 
rate in all cells, accumulate ‘‘chromatin’’ as a by-product 
of that activity and that when nuclear divisions cease this 
shows itself first as polyteny and later as polyploidy. 
This could be true for the very highly polyploid nuclei of 
insect tissues. It is not beyond possibility that the num- 
her of heterochromatic X chromosomes in salivary gland 
cells of Gerris, for example, does not represent as many 
diploid sets of genetically active chromosomes. Nor in 
the presumably highly polytene salivary gland chromo- 
somes of the Diptera can we be sure that all the strands 
are active ‘‘gene strings.’’ That it is not valid in general, 
however, is shown by the fact that when endopolyploid 
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plant cells divide they produce two fully viable and equiv- 
alent cells. It is also almost certain that some polyploid 
plants have been and can be derived from endopolyploid 
cells and their chromosomes are known to be genetically 
active chromosomes, 7.e., gene strings. 

If the genes continue to reproduce themselves between 
nuclear divisions, to what end do they do so? (Teleology, 
if phrased in the form of questions and not answers, has, 
of course, a use in biology.) The most obvious end is 
survival. We must assume that genes and chromosomes 
are continuously replacing their substance if they are to 
survive; all ‘‘living systems’’ that are in an active state 
do so. It could be that the genes and chromosomes re- 
place their constituent molecules and radicals piecemeal 
as the cell, to use a crude analogy, replaces its water con- 
tent gradually and not all at once. But if the genes and 
chromosomes should maintain themselves piecemeal, 
they would in the opinion of many biochemists, be likely 
to make many more errors in ‘‘ecopying themselves’’ than 
if they do it by making a complete ‘‘one-plane’’ replica 
(or possibly mirror-image). A priori, therefore, we 
might expect to get multiplication of gene strings (and of 
chromonemata and, in turn, chromosomes) whenever 
mitosis stops or fails to keep pace with gene reproduction, 
provided the replaced units do not immediately disinte- 
grate. If we reject this a priort argument we are left 
with no currently apparent reason of general applicability 
for endopolyploidy. If we accept it, provisionally, we 
may ask the further questions: (1) are the postulated sub- 
units directly the primary units that react with the cyto- 
plasmic substrate; or (2) is it the replaced and, sooner 
or later, disintegrating sub-units that are the effective 
‘‘oene-products’’; or (3) are the ‘‘gene-products’’ a by- 
product of reproduction itself? The teleological argu- 
ment of reproduction for survival favors (2) or (3). It 
seems that (1) is more likely a method by which ‘‘cyto- 
genes’’ originate. [On either (2) or (3) the variation 
of the living world is, in the ultimate sense, a by-product 
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of the ‘‘urege to survive’’; on (1) it is due to a correlated 
activity.| The very highly polvtene or polyploid nuclei 
of some insect tissues may be largely degenerated chro- 
monemata or chromosomes; the limitation of polyploidy 
in plant tissues to relatively small multiples may be due 
either to self-regulating reduction or to death, 7.e., per- 
manent differentiation, of very highly polyploid cells. 
Many of the differences between insects and plants can be 
attributed to the limited division cycle of the former and 
the unlimited of the latter, short of death which is the 
normal condifion of a large proportion of the cells in a 
living plant body. 

Whatever the validity or lack of validity in the fore- 
going arguments, it is clear that the data on endopoly- 
ploidy permit us to assume quantitatively different gene 
action in different tissues and they encourage us to look 
for evidence, beyond the meagre scraps so far available, 
of qualitative differences. The concepts of genic-identity 
of all cells and of the chromatid as a unitary gene-string 
inhibited such efforts. If from the new points of view 
which destruction of these concepts permits we can formu- 
late working hypotheses to test various possibilities that 
present themselves, we shall advance our knowledge of the 
chromosome and the gene and their actions in develop- 
ment, even if all our working hypotheses should prove 
wrong. 
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POLYEMBRYONY IN COPIDOSOMA KOEHLERI 
BLANCHARD’ 


DR. RICHARD L. DOUTT 


UNIVERSITY OF CALIFORNIA CITRUS EXPERIMENT STATION 


THe polvembryonic eneyrtid Copidosoma koelhleri 
Blanchard (Fig. 1) is indigenous to South America and 
is found in Brazil, Argentina and Chile as a parasite of 
the potato tuber moth, Gnorimoschema operculella (Zel- 
ler). The Division of Biological Control of the Univer- 
sity of California has propagated C. koehleri in quanti- 
ties, and has made mass liberations in the potato- and 
tomato-growing regions of California. 

Both the parasite and its host are excellent laboratory 
animals, for they are easily reared under insectary con- 
ditions and possess relatively short life cycles. The tech- 
nique developed by Finney, Flanders and Smith (1944) 
for rearing the potato tuber moth to serve as host in the 
mass production of Macrocentrus ancylivorus Roh. is also 
adaptable to the rearing of this host for parasitization by 
Copidosoma. This rearing method makes available a 
large and continuous supply of all stages of the insects, 
and permits, for the first time, the use of quantitative 
methods in the study of insect polvembryony. 

The host insects for the present investigation were 
reared at a constant temperature of 86° F. and at a 
humidity of 50 per cent. on potato tubers of the Russet 
Burbank variety. Although some variability occurs, the 
life history of Gnorimoschema operculella under these 
specified conditions is normally as follows: The eggs 
hatch on the fourth day following deposition. The young 
larvae enter the tubers and feed in galleries through the 

1 This study was supported by a National Research Council predoctoral 
fellowship in the field of biological science. The author is particularly grate- 
ful to Professor H. 8. Smith and Dr. S. E. Flanders for the many ways in 
which they have so generously assisted the progress of this investigation. 
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The larvae mature about the twelfth day and 


potato. 
On the thirteenth day they 


leave the tubers to pupate. 
spin a silken cocoon covered with particles of sand or 
Pupation occurs on the fourteenth day, and the 


debris. 
Great irregu- 


adult moths emerge on the twentieth day. 
larity in the rate of development seems to be a character- 
istic of the tuber moth larvae. Eggs deposited at the 
same time and reared under identical conditions will show 


Adult female. 


FIG. 1. Copidosoma koehleri Blanchard. 


a wide variance in developmental rate, for some larvae 
will be in the process of cocoon formation while others 


are scarcely half grown. However, most of the tuber 


moth population develops as indicated above. 

The Copidosoma female attacks the egg of the potato 
tuber moth, and the parasite develops polvembrvonically 
throughout the larval life of its host. The parasitized 
tuber moth larva matures, spins its cocoon, and then suc- 


cumbs to its internal parasites. Thus the host larva does 


not pupate, but remains within its cocoon as a dry, mum- 
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mified carcass from which the brood of C. koehleri even- 
tually emerges. 

The embryonic development of the parasite is per- 
fectly adapted to that of the host, so that if the host’s rate 
of development is retarded or accelerated the parasite 
responds accordingly. This adaptation of parasite and 
host development is illustrated in the following experi- 
ment. Several thousand freshly deposited host eggs were 
divided into two lots. One lot was immediately parasi- 
tized by C. koehleri; the other lot was held four days, or 
until just a few hours prior to hatching, before being 
parasitized. The adult parasites from both of these lots 
emerged simultaneously and thus indicated that the rate 
of embryonic development varied with the embryonic 
state of the tuber moth host at the time of attack. 

Since complete parasitization of tuber moth stock never 
occurs, a generation of the host will contain both normal 
and parasitized individuals. These can be separated 
readily by first processing the cocoons with sodium hypo- 
chlorite solution to remove the silk (Bartlett and Martin, 
1945), and then using the flotation method developed by 
Finney (1945) to accomplish the actual separation. The 
use of this chemical method to separate the host and para- 
sites greatly facilitates quantitative studies. 


Lire Hisrory or Copidosoma koehleri 

The egg: The ovarian egg of C. koehleri (Fig. 2A) is 
dumbbell-shaped, consisting of the bulb, neck and en- 
larged basal portion, and it measures approximately 
0.17 mm in total length. The oosome and egg nucleus 
are disclosed by staining with aceto-carmine. The egg 
of C. koehleri is deposited wholly within the egg of the 
potato tuber moth. Fig. 2B shows the parasite egg soon 
after deposition, with the stalk empty and crumpling and 
the expanded lower portion filled with ooplasm. The 
active egg portion, the ooplasm, as in the eggs of most 
polvembryonic Hymenoptera, is remarkably small. This 
portion of the Copidosoma egg measures 55 microns in 


length and about 33 microns in width. 
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The unfertilized eggs of C. koehleri develop into males, 
following the law of arrhenotoky. Maturation of the egg 
is completed after oviposition, either in the absence or in 
the presence of aspermatozoon. An examination of eggs 
soon after deposition showed the three polar bodies 
darkly staining and irregular in shape, as pictured in Fig. 
2B. Following maturation, the egg undergoes division, 
and within 3 to 5 hours after deposition two distinct 
regions (Fig. 2C) are formed. The anterior region, con- 
taining the active derivatives of the polar bodies, has been 


\ 


Fic, 2. Diagrammatic: A, ovarian egg; B, deposited egg following ma- 


turation; C, egg three hours after deposition; D, egg seven hours after 


deposition; E, primary polygerm. Abbreviations: er, embryonic region; 


pb, polar body; pr, polar region; tr, trophamnion. 


termed the ‘‘polar region’’ (Silvestri, 1906, 1937); the 
posterior region, consisting of cells formed after the divi- 
sion of the egg nucleus, has been designated the ‘‘em- 
bryonic region’’ (Fig. 2D). 

The fact that the eggs of polyembryonic Hymenoptera 
lose almost half their cytoplasm to the polar region is of 
extreme significance. This process greatly alters the 
volumetric ratio of evtoplasm to nuclear material within 
the embryonic region. The cleavage cells formed from 
this region therefore possess a relatively large proportion 
of nuclear material. It seems probable that this change 
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in balance between chromatin and cytoplasm is the factor 
inducing polyembrvonie development. It should also be 
noted that if the amount of nuclear material is further 
increased by the addition of a sperm nucleus the extent 
of polyembryonie division will be increased, for more 
individuals are produced from fertilized than from unfer- 
tilized eggs (Flanders, 1946). 

Primary polygerm: In the egg of C. koehleri the first 
division occurs at 3 hours, the second division at approxi- 
mately 5 hours, and the third usually 7 to 9 hours after 
deposition. With the technique used in this study it was 
difficult to trace the cleavage of the embryonic cells 
further than the 7- to 9-hour stage with any degree of 
accuracy. The disappearance of the egg stalk at 10 hours 
marks an important step in the embryonic development of 
the parasite. The egg immediately becomes spherical. 
This indicates that the chorion has been ruptured and no 
longer restricts the ooplasm to an elliptical shape. The 
release from the confining chorion permits extensive 
growth, and is analogous to the ordinary eclosion of an 
insect larva. The rupture of the chorion introduces the 
primary polygerm stage. The polar and embryonic 
regions are no longer discernible as two distinct areas; 
instead, it should be noted that the polar region has grown 
completely around the embryonic region as a nucleated 
membrane, the trophamnion (Fig. 2K, tr). The function 
of the trophamnion is both protective and nutritive. It 
provides the embryonic parasite body with the protection 
formerly afforded by the chorion, and since the embryo 
now absorbs nourishment from its host through the 
trophamnion its function is also nutritive. Thus the 
early formation of the polar region within the egg accom- 
plishes two purposes: (1) it creates a evtoplasmic-nuclear 
balance inducing extensive division, and (2) it is the 
source of the trophamnion. Polvembryonie development 
is probably dependent upon this combination. 

When the chorion of the parasite egg is ruptured and 
the embryo enters the primary polvgerm stage, it becomes 
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parasitic, for it is no longer dependent upon the nutritive 
material stored in the egg but begins to subsist on the 
food provided by its host. It will be recalled that the egg 
of C. koehleri is comprised of remarkably little ooplasm, 
a large fraction being lost to the polar region. Now it 
is seen that the embryonic parasite does not long subsist 
on the small amount of nutriment in the egg, but in ap- 
proximately ten hours becomes a functioning parasite 
deriving nourishment from its host. 

Growth of the embryonic mass now proceeds quite rap- 
idly, and while the parasite is in the primary polygerm 
stage the host larva hatches from the egg. Even at this 
very early larval stage the parasite body has become asso- 
ciated with the host’s fat body in the anterior region just 
dorsal to the stomodaeum. The mechanics by which this 
particular attachment is accomplished are unknown, but 
two studies have been made which suggest a partial ex- 
planation. First, it was found that the age of the host 
ege, that is, the stage of embryonic development when 
parasitized, did not significantly affect the percentage of 
parasitism. This would tend to eliminate a theory that 
the parasite egg becomes associated with the host meso- 
derm at some particular stage of the host’s development 
(the fat body being considered a mesodermal derivative). 
Secondly, an attempt was made to rearrange the position 
of the parasite egg within the egg of the host by centri- 
fuging. The percentages of parasitism on these centri- 
fuged eges were not appreciably different from those 
obtained on the controls. In view of these experiments 
it seems probable that the parasite egg remains free 
within the body cavity of the host until such a time as 
the circulation of the haemolymph may transport it to 
the fat body in the region dorsal to the stomodaeum. 

Since the cells of the host’s fat body accumulate the 
surplus food and store it in the form of glycogen, fat and 
protein, the association of the polygerm with the fat body 
is of considerable benefit to the parasite. The host per- 
forms the metabolic functions which convert the amino 
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acids into protein, and the carbohydrates into fat, and the 
parasite is thus probably able to absorb these end prod- 
ucts directly from the cells of the fat body. 

Numerous dissections of parasitized tuber moth larvae 
showed that the ingrowth of the host tracheae through the 
polygerm was as constant and invariable as the fat-body 
association. It is possible that these host tracheae sup- 
ply the respiratory demands of the developing embryos. 


Fic. 3. Diagram of secondary polygerm: e, reniform embryo; ec, em 
bryonie cavity; fb, host fat body; h, hilus; ht, host trachea; in, involucre 


(trophamnion) ; la, larva; m, morula; pm, pseudomorula. 


Tracheal endings seem to have grown in proximity to 
almost every individual morula of the polygerm. These 
tracheae also appear to have grown entirely indepen- 
dently of host tissue, and are apparently the result of 
the host’s response to the concentration of carbon dioxide 
in the area occupied by the polygerm. The host tracheae 
associated with the polygerm are pictured in Fig. 3. 
Secondary polygerm: As the primary polygerm con- 
tinues to grow, the individual ‘‘germs’’ seem to swell or 


ht ¢ 

| 

| 
| 


442 THE AMERICAN NATURALIST [Vol. LXXXI 
bud out of the spherical parental mass, and the nucleated 


trophamnion tends to constrict around each individual 
This 


morula until the polygerm becomes staphyloform. 
staphyloform mass is termed the ‘‘secondary polygerm’ 
(Fig. 3). 

One very extraordinary phase in the development of 
certain polyembryonic insects is the production of a curi- 


0 


° 


( 


B. Asexual larvae. OC. Normal (sexual) larva. D. Pupa. 


Fig. 4. A, 


ous, precocious larval form, first discovered by Silvestri 
(1906) in Litomastix truncatellus Dalm. These interest- 
ing, so-called ‘‘asexual larvae’’ appear during the early 
developmental period of the polvgerm of Copidosoma 
koehleri. They are most often found when dissections 
are made on the young second-instar hosts, and they have 
been found in host larvae only 48 hours old (Fig. 4A). 
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Occasionally, asexual larvae are dissected from much 
older hosts and are of the appearance illustrated in Fig. 
4B. Usually only one asexual larva of C. koehleri will 
be found within a host; rarely, two have been disclosed. 

Throughout the larval period of the host, each morula 
of the polygerm increases in size, and the rate of growth 
is dependent upon that of the host larva. The maturing 
or secondary polygerm is illustrated in Fig. 3. This 
stage is to be found as the host reaches its last instar. 

Larva: As the polygerm continues to mature, the em- 
bryos become somewhat reniform, and body segmentation 
and organogeny occur. The embryos soon straighten out 
and appear as shown in Fig. 3la. A tracheal system is 
now present, for the lateral trunks are visible if the young 
parasite larvae are viewed on a dark background. Nine 
pairs of spiracles are soon evident. 

Dissociation of the polygerm occurs about the time the 
host larva is full-fed, mature and preparing to leave the 
potato tuber to pupate. The morula, reniform embryo 
and young larval stages are all to be found in the dis- 
sociating polygerm. 

As the normal or ‘‘sexual’’ parasite larvae (Fig. 4C) 
are progressively set free from the parental polygerm 
mass into the body cavity of the host, they still retain the 
involucre formed by the trophamnion. Active feeding 
begins immediately, and they first ingest the trophie cells 
of the adipose tissue. Peristaltic contractions of the 
stomodaeum and ventriculus are used to force the food 
posteriorly through the intestine. These peristaltic 
waves appear to originate in the region of the esophagus, 
and to occur at the fairly constant rate of eleven per 
minute. After passing through the stomodaeum, they 
dampen out in the posterior third of the ventriculus. 
When feeding begins, the parasite larvae are transparent 
and colorless, but as feeding continues the ingested 
adipose trophoeytes completely pack the midgut, and the 
food particles soon give the parasites a creamy-white, 
opaque appearance. 
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The tuber moth larva spins its silken cocoon as the 
parasites consume its adipose tissue. The cocoon is com- 
pleted when the host larva is approximately 14 days old. 
Normally, the tuber moth larva would immediately pu- 
pate, but as its vital organs are consumed by the internal 
parasites, the parasitized host becomes flaccid and un- 
healthy in appearance. Consumption of the fat body, 
haemolymph and dorsal vessel is followed in rapid sue- 
cession by the consumption of muscle tissue, intestine, 
Malpighian tubules, silk glands and nerve cord, in about 
that order. When the parasite larvae devour the con- 
tents of the host’s ventriculus, their color changes from 
creamy-white to orange. The host tracheae are still 
present when all other host tissues have been ingested. 
The host larva is now essentially only a shell surround- 
ing the brood of parasites. The position of each indi- 
vidual parasite is seen externally as a protuberance or 
swelling of the host integument. This host careass is 
termed a ‘‘mummy.”’ 

The parasite larvae are now fully mature and secrete 
a cocoon sheath in the manner common to many endo- 
parasitic encyrtids, as described by Flanders (1938). 
The labial and ileae glands are united; their function is 
apparently the secretion of the cocoon-forming substance, 
and they are absorbed soon after the cocoon sheath is 
completed. This cocoon sheath is very thin, colorless and 
filmlike. The long axis of the parasite cocoon parallels 
that of the host larva. 

Pupa: Atter the secretion of its cocoon sheath, the 
larval parasite molts and enters the prepupal stage. The 
age of the host is now 16 days. The prepupa lies within 
the moist, leathery walls of the pupation chamber. On 
the following day the prepupa voids the contents of the 
gut, and the walls of the pupation chamber dry to be- 
come brittle and parchment-like. Pupation occurs on the 
eighteenth day. 

The pupa (Fig. 4D) is at first entirely white, but in 
about 24 hours the ocular structures (ocelli and compound 
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eyes) become colored with a brick-red pigmentation. 
Later, melanization begins, and the abdominal tergites 
are the first structures to turn black. The acquisition of 
the black pigmentation occurs 2 to 3 days prior to emer- 
gence. At a constant temperature of 86° F. and a hnu- 
midity of 50 per cent., the parasites emerge from the 
mummified host carcass in 22 to 23 days from the time 
the host egg was first parasitized. The unparasitized 
hosts of the same generation have emerged 2 to 3 days 
earlier. The life cycle of the parasite is thus completed 
to synchronize with the oviposition period of the newly 
emerged generation of potato tuber moths. 

Adult: For the purposes of this discussion a parasite 
brood is considered to be all the adult parasites emerging 
from a single individual host. A brood of parasites may 
be all males or all females, or may consist of both sexes, 
in which case it is spoken of as a ‘‘mixed brood.’’ The 
minimum number of parasites found in a brood was 8; 
the maximum number was 72. It is interesting to note 
that a difference exists in the minimum number of indi- 
viduals in broods of different sexes. Male broods may 
contain only 8 individuals, whereas normal female broods 
were never observed to contain less than 17, and no mixed 
broods were found with less than 20 individuals. The 
entire brood emerges from the host practically simulta- 
neously, only a few minutes normally intervening between 
the appearance of the first adult parasite and the emer- 
gence of the last individual from the mummified host 
careass. 

No appreciable pre-oviposition period has been ob- 
served, and under optimum conditions the females seem 
to be capable of mating and depositing eggs immediately 
after their emergence from the host. No mating prob- 
lems have been encountered, and one male may copulate 
with several females. The act of oviposition seems to 
excite and increase the activity of the males. Their ae- 
tivity is also increased by the presence of light or by a 
vise in temperature. 
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The adult parasites normally walk or hop, being ap- 
parently reluctant to fly. When disturbed, their reaction 
is saltatorial, aided by the greatly enlarged intermediate 
pair of legs. 

Observations indicate that the searching ability of the 
females is not highly developed. However, once contact 
is made with the host eggs the female shows a sustained 
interest in ovipositing, and will remain in the immediate 
area searching for the host. Since the tuber moth has 
a tendency to group its eggs, this faculty enables the para- 
site to attack most of the eges in the cluster. 

Upon locating the host, the female parasite taps the 
ege with the antennal clubs; then having determined its 
suitability for oviposition, she pulls her body forward 
across the egg, unsheaths her ovipositor, and probes 
backward to contact the chorion. This probing move- 
ment appears very awkward and inefficient, for several 
thrusts often are made before the ege is found. The 
C. koehlert female apparently deposits only one egg at 
each insertion of the ovipositor. 

The physical structure of the host egg does not seem to 
be the principal stimulus inducing the Copidosoma female 
to oviposit. Rather it appears that the stimulus is chem- 
ical. Frequently, the host eggs will be completely ig- 
nored, and the parasites will persist in ovipositing in the 
eloth stratum upon which the tuber moth has deposited 
its eggs. Apparently, the cloth at certain points has ab- 
sorbed more of the stimulus-producing substance than 
has the host egg, and consequently is preferred. 

SUPERPARASITISM AND MuLTIPLE PARASITISM 

The females of Copidisoma koehlert exhibit no presci- 
ence in regard to superparasitism. Following the deposi- 
tion of one egg, they quite often return immediately to 
the same host and repeat oviposition. Two females have 
also been observed to oviposit simultaneously in the same 
host individual. This tendency to superparasitize the 
host is not particularly detrimental to the species, for 
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although partial abortion of supernumerary embryos may 
occur, more individuals will, as a rule, mature in a super- 
parasitized host than in a singly parasitized individual. 
Superparasitism is the cause of mixed broods, and their 
incidence is favorable to mating. 

Vhen involved in the competition attending multiple 
parasitism, Copidosoma koehleri is almost always ‘‘in- 
trinsically inferior’’ (Smith, 1929) to other members of 
the parasite complex of the potato tuber moth. Numer- 
ous tests were made in which host eggs were parasitized 
by both C. koehlert and Chelonus phthorimaeae Gahan. 
In every case Copidosoma was suppressed and only 
Chelonus matured. Even when the time of attack was 
adjusted to allow Copidosoma the maximum advantage 
in prior development, the results were always the same. 

Whenever a young tuber moth larva containing a devel- 
oping brood of C. koehleri was attacked by Macrocentrus 
ancylivorus, the latter was invariably successful in com- 
peting for the host. 

If the females of Microbracon gelechiae Ashm. con- 
struct feeding tubes upon hosts already parasitized by 
Copidosoma, only partial broods of C. koehleri are able 
to survive. Only those Copidosoma larvae which are 
full-fed, mature and capable of forming the cocoon sheath 
can survive the prematurely dry environment created 
within the host by the draining of its body fluids by 
Microbracon gelechiae. 


INFLUENCE OF SEX oN POLYEMBRYONY 

The role of sex in governing the extent of polyem- 
bryonic division has never been well examined, and its 
significance seems generally to have escaped attention. 
Among the Chaleidoidea, the polyembryonie species tend 
to produce more individuals from fertilized than from 
unfertilized eggs. Flanders (1942) was probably the 
first to suggest that this sexual differential in polyem- 
bryonic proclivity is a general phenomenon. He (Fland- 
ers, 1946) reports that about twice as many females as 
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males of Copidosoma koehleri develop per individual 
host. The following evidence is submitted to indicate 
further the existence of this differential between the sexes 
of C. koehleri. 

A eareful study was made of 525 broods of Copidosoma 
koehleri, totaling 14,161 individuals. The mean number 
of individuals arising from an exclusively male brood was 
21, and from a brood solely female, 31.4. This signifi- 
eantly different figure may be explained by the influence 
of the sperm nuclear material. Obviously, the presence 
of the sperm is the only fundamental difference between 
the fertilized and unfertilized eggs at the time of deposi- 
tion. In both types of eggs the maturation and early 
cleavage stages seem to occur at the same time and in, the 
same manner. The rate of development is apparently 
the same throughout, for no measurable difference occurs 
in the length of the developmental period of either sex. 
Both male and female broods from eggs deposited simul- 
taneously tend to emerge simultaneously, so that any 
variance is caused by disparities in the normal rate of 
host development and not by inherent sexual differences 
within the parasite eggs. As this quantitative study has 
shown, there is a marked difference in the extent of effec- 
tive division exhibited by fertilized and unfertilized eggs, 
a difference presumably the product of the active chro- 
matin-cytoplasmic ratio. 

In order to test specifically the influence of the sperm 
upon the development of the eggs of Copidosoma koehleri, 
an experiment was designed to inactivate the egg nuclei by 
the use of x-rays. A. Whiting (1946) showed that x-rays 
would effect selective injury on hymenopterous egg cells, 
inactivating the chromatin material but leaving the cyto- 
plasm to fur:tion normally. She further proved that the 
entrance of a normal sperm nucleus into an inactivated 
ege would initiate androgenetic development. 

Since no calibration was available for the x-ray equip- 
ment used, the physical constants are recorded as follows: 
80 kilovolts, 5 milliamperes, 5-centimeter target distance, 
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rays unfiltered, exposure time 5 minutes. It is believed 
that a dosage of 10,000 Roentgen units is a reasonably 
conservative estimate of the radiation received by the 
treated females. For this experiment 200 unmated C. 
koehleri females were used. Following the exposure to 
x-rays, the females were divided into two lots of approxi- 
mately 100 each. Individuals of one of the lots were 
mated to normal males; those of the other lot remained 
unmated. The females were then allowed to oviposit in 
tuber moth eggs. The results are reported in Table 1. 


TABLE 1 


EFFECT OF SPERM ON EGG DEVELOPMENT (BROODS) OF X-RAYED FEMALES 
or Copidosoma koehleri BLANCHARD 


Hours after 
x-ray treatment Mated with 


untreated 


3 0 2 

10 4 29 

24 0 22 

48 0 6 

72 0 12 
144 0 6 
192 0 2 

*Female broods as well as male broods were produced in ratio of 7¢:49. 


Several broods, however, never matured beyond pupal stage. 


Although oviposition was observed in each of the tests 
reported in Table 1, it can be seen readily from an exami- 
nation of the data that in many eases no progeny resulted. 
It is very significant that no progeny were produced from 
irradiated virgin females, with one exception, but that 
progeny were always produced by the x-raved females 
mated to normal, untreated males. The author interprets 
these data as indicating that the sperm nuclei initiated 
polvembryonie development in eggs which would other- 
wise have been inactive. It is believed that this experi- 
ment adds credence to the hypothesis that the sperm 
nucleus contributes materially to the extent of polyem- 
bryonic division. Thus, if the treated eggs develop 
androgenetically, it is reasonable to assume that the 
sperm in a normal, fertilized egg will tend to increase the 
potentiality for polyembryonie development. 


Number of broods from treated 2 9 
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In Table 1 it will be noted that four parasitized hosts, 
or broods, were obtained from oviposition by unmated 
females at ten hours. This may have been the result of 
accidental contamination of the host eggs as they were 
obtained from the egg-deposition chamber, or it may have 
been that the chromatin in the eggs of one individual was 
in a stage of development somewhat resistant to x-rays. 


OrIGIN OF Mixep Broops 
All students of insect polyembryony have encountered 
broods of parasites containing both male and female indi- 
viduals. Marchal (1904) suggested that these mixed 
broods originated from the deposition of two ege's, one 
fertilized and the other unfertilized, within the same host 


TABLE 2 


INCIDENCE OF MIXED BROODS OF Copidosoma koehleri BLANCHARD WITH INCREASE 
IN PERIOD OF EXPOSURE OF HOST TO PARASITE 


Percentage of 


Exposure of host eggs to parasites mixed broods 
4 90.0 


individual. This two-egg hypothesis has since been up- 
held by Leiby (1926). 

A simple experiment was performed by exposing host 
eges to a population of Copidosoma koehleri females 
numbering at least 20,000 individuals, for increasing 
lengths of time. If mixed broods originate according to 
the two-egg hypothesis, they should appear more fre- 
quently under conditions favorable to superparasitism. 
The results of this experiment are shown in Table 2. The 
figures indicate that the incidence of broods of mixed 
sexes increases with the period of exposure of host to 
parasite. 

To test this hypothesis further, mated and unmated 
females were permitted to oviposit in the same host eggs. 
In each ease the actual insertion of the ovipositor into the 
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host was checked by observation under a binocular micro- 
scope. Controls were obtained by permitting the females 
to oviposit singly in host eggs. The results of this test 
showed no mixed broods in the control series; mixed 
broods did occur, however, in the eggs that were para- 
sitized by both a mated female and an unmated female. 

The sex ratio in mixed broods of Copidosoma koehleri 
is subject to extreme variation. An analysis was made 
of 126 mixed broods totaling 4,500 individuals, and it was 
found that the broods of mixed sexes usually contain more 
females than males. Sometimes the females outnum- 
ber the males as much as 43 to 1. Of the 4,500 indi- 
viduals emerging in mixed broods, 3,515 were females and 
985 were males. The mean sex ratio was found to be 
approximately 7 females tol male. Rarely (on two occa- 
sions only), equal numbers of each sex were reared from 
one host larva. Seven per cent. of the mixed broods con- 
tained more males than females. The most extreme vari- 
ant of this group contained a ratio of 8 males to 1 female. 

From this analysis it would appear that when two or ° 
more eggs are deposited in one host the competition tends 
to suppress the male polygerm and to cause, in most in- 
stances, a partial abortion of the latter. This was also 
suggested by Leiby (1922) in regard to broods of Copido- 
soma gelechiae How. 

The effect of the sexual differential in polyembryonic 
division also appears in the size of the individual para- 
sites. Itis a familiar rule that the size of the adult para- 
site usually depends upon the amount of food consumed 
during its developmental period. Since the male broods 
tend to be composed of fewer individuals than the female 
broods, it is logical to expect the adult males to be larger 
than the adult females. It is not surprising then that a 
sample of adults taken from a population of Copidosoma 
koehleri will show the males to be generally of greater size 
than the females. Comparison of broods composed of 
the same number of individuals, however, shows no dif- 
ference in the size of the adults, irrespective of sex. 
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SuMMARY 


Polyembryonic development in Copidosoma koehleri 
Blanchard is traced from the ovarian egg te the adult 
stage. Polyembryony apparently results from the 
change in cytoplasmic-nuclear balance when the forma- 
tion of the polar region removes about half the cytoplasm 
of the egg. Furthermore, the extent of polyembryonic 
division is increased when the amount of nuclear material 
is increased by the addition of a sperm nucleus, more 
individuals being produced from fertilized than from un- 
fertilized eggs. 

The mean number of adult parasites constituting an 
exclusively male brood was 21, while the mean number 
of individuals found in female broods was 31.4. This 
sexual differential in the amount of polyembryonie divi- 
sion is explained on the basis of a sperm-influence hy- 
pothesis. This theory is further substantiated by the 
androgenetic development of eggs inactivated by heavy 
dosages of x-rays. 

The polygerminal mass is invariably found to be asso- 
ciated with the fat body of the larval host in the region 
dorsal to the stomodaeum, and a remarkable ingrowth of 
host tracheae occurs to supply the respiratory demands 
of the developing parasite embryos. 

The extraordinary, precocious larval forms known as 
‘‘asexual’’ are found to be present at a very early stage 
in the embryonic development of Copidosoma koehleri. 

The origin of broods of mixed sexes is explained upon 
the basis of superparasitism. 

The quantitative and experimental studies included in 
this paper are offered as a new approach to the investiga- 
tion of insect polyembryony. 
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THE VALUE OF THE PROGENY TEST IN MALES? 


F. A. HAYS 
RESEARCH PROFESSOR IN POULTRY INVESTIGATIONS, DEPARTMENT OF POULTRY 
HUSBANDRY, MASSACHUSETTS STATE COLLEGE, AMHERST, MASSACHUSETTS 


From the genetic standpoint, progeny testing offers the 
most reliable method for evaluating breeding males. This 
method of breeding has long been looked upon with favor. 
It has many limitations, the relatively short life span of 
the fowl apparently constituting the greatest limitation. 
It becomes apparent, therefore, that longevity is a very 
important character in breeding for high fecundity. 

Godfrey (1946) made an extensive study of the value 
of male’s full and half sister’s production in evaluating 
males. He used U.S.R.O.P. records over two vears from 
44 breeders. Only those males were included that had 
20 or more daughters entered in U.S.R.O.P. and that had 
a sire and a dam with at least 20 and 4 daughters respec- 
tively, entered as candidates for U.S.R.O.P. The per- 
formance records of 632 males were examined. The data 
showed that the number of full sisters in most cases was 
too small to represent the family adequately. The com- 
bined data showed that the group of males whose full 
sisters averaged below 200 had a daughter average of 
170 eves, while the males whose full sisters averaged over 
200 eges had a daughter average of 201 eggs. 

Records were also studied over three vears at the Belts- 
ville Research Center, including those of 13 Rhode Island 
Red males and 8 White Leghorn males that had at least 
30 daughters and 20 full and half sisters trapnested for 
a full year. In these data the correlation between sire’s 
daughters and his full sisters was insignificant, but the 
correlation between sire’s daughters and his full and half 
sisters was highly significant. 

The conclusion was drawn that the number of daugh- 
ters needed for an adequate sample was at least 40 for 

1 Contribution No. 641 from the Massachusetts Agricultural Experiment 
Station. 
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each sire and 8 for each dam. The general conclusion 
was that the production of a male’s sisters and half sis- 
ters may be used with considerable accuracy in selecting 
males but that the record of his full sisters alone is un- 
satisfactory. 

Lerner and Hazel (1947) studied the value of progeny 
testing in the White Leghorn flock of the California Ex- 
periment Station. This flock was bred for high fecundity 
in a manner similar to that used in the Massachusetts Sta- 
tion flock. On the average, 11 sires and 85 dams were 
used each year, and the size of flock ranged between 400 
and 700 pullets. Complete families were housed, and 
close inbreeding was avoided. In a twelve-vear period, 
the average egg production on a hen-housed basis in- 
creased from 126 eggs to 220 eggs. 

Results indicated that progeny testing was about 2.5 
times as effective in sires as in dams. This fact was 
attributed to the greater accuracy gained by having 4.7 
times as many progeny from each sire compared with 
each dam. The average gain when both parents were 
tested was about 10.25 eggs. 

VALUE OF PROGENY TESTING 
(Table from Lerner and Hazel, 1947) 


Increase in average production of part-tested and progeny-tested over that from 
untested parents—4 years. (1935, 1937, 1939 and 1941.) 


Untested Sires Part-tested Sires Tested Sires Total 


No. Eggs No. Eggs No. Eggs No. Eggs 


Untested dams .... 619 0.0 544 1.5 118 1.3 1081 0.3 
Part-tested dams .. 191 10.1 32 - 24 59 11.6 382 6.0 
Tested dams ...... 42 9.5 29 11.6 50 22.2 121 8.7 
Total daughters ... 852 1.8 505 ya | 227 7.2 1584 2.3 


The average age of sires was 1.53 years, and the aver- 
age age of dams was 2.34 years. There was less change 
in age of breeding stock during the experiment than might 
have been anticipated if progeny testing had increased. 
The rate of approach to homozygosis was two per cent. 
per generation or one per cent. per vear. 


Strupy AT THE MASSACHUSETTS STATION 


A study over nine years (1937 to 1945) was made on 
the station flock of Rhode Island Reds bred for high 
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fecundity to discover the value of progeny testing in 
males alone. 

Breeding males were divided into three classes: (1) un- 
tested—those males used for breeding for the first time; 
(2) partially tested—males used as cockerels and again 
as yearlings and (3) completely tested—males used as 
cockerels and again as two-year-olds. The productive 
life span of most males usually covered about three breed- 
ing seasons. 

EVALUATING MALES 


A superior male may be defined as one that raises the 
mean production of his daughters from one or more dams 
above the record of the dam. Only families with five or 
more daughters were considered. 

An extra superior male is one who in all matings raises 
the mean of daughters above their dams. Only one male 
qualified in this class out of a total of 91 males studied. 
This male R1528 mated to but one female (Class 175-199) 
gave 5 daughters averaging 231 eggs. 

Males can only be correctly evaluated if they are mated 
to the same production type of dams. Females used as 
breeders were divided into seven types, as shown in 
Table 1. There were 11 untested sires that ranked as 
superior. Their degree of superiority may be judged by 
the character of their mates. Only about 6 of these males 
may be considered as definitely superior. These are the 
males that were mated to hens with records above 225 
eggs. 

In contrast, there were 58 untested males that were con- 
sidered inferior. Only 10 of these were mated to hens 
laying fewer than 225 eggs, but the mean production rec- 
ords of the daughters of these males brand them as in- 
ferior sires. 

In the partially tested group, only 2 males were classed 
as superior. One was mated to a mediocre producer 
(200-224), but the other was mated to a 250-egg hen giv- 
ing a daughter mean of 256. 
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There were 13 partially tested sires that were classed as 
inferior since their daughters fell far below their dams 
in egg production. So far, the ratio of superior to in- 
ferior is about 1 to 6 in both untested and partially tested 
males. 

Of the limited number of completely tested males, 3 
were superior and 4 were inferior. Since these 3 supe- 
rior males were not mated to very high-producing hens, 
the records of their daughters stand out. The 4 inferior 

TABLE 1 


MALES GROUPED BY THE PROGENY TEST 


Superior males Inferior males 
Dams 
No. No. Daughters _ No. No. Daughters 
sires dams yo Avg. prod. %ires dams Nak Avg. prod. 
Untested 

150-174 2 2 13 202.44 
175-199 1 1 a) 250.80 1 1 6 159.00 
200-224 2 2 12 238.20 9 10 75 192.71 
225-249 4 4 37 246.36 24 30 246 215.75 
250-274 2 2 12 273.68 20 29 216 224.73 
275-299 oe 2 2 16 203.11 
300 + oe 2 2 20 202.94 

Totals 11 11 79 58 74 579 

Partially tested 

200-224 1 1 6 225.20 és 
225-249 7 8 59 209.59 
250-274 1 1 9 256.30 6 49 217.73 
275-299 2 4 35 216.21 

Totals 2 13 18 143 

Completely tested 

200-224 1 1 7 220.60 ata 
225-249 2 2 11 258.47 1 1 10 228.10 
250-274 2 2 10 213.50 
275-299 ae 1 1 6 226.50 

Totals 3 4 


tested males were mated to higher producing hens, yet 
their daughters were rather mediocre. In the progeny 
test, therefore, a superior sire seems to possess 2 very 
desirable characters: the ability first, to raise the produc- 
tion mean of his daughters above that of his dam and, 
second, to give a high mean production in all his daugh- 
ters. 

The data in Table 1 show that about 43 per cent. of com- 
pletely tested sires were superior breeders, while only 
about 14 per cent. of untested and partially tested sires 
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were superior. Of the 91 sires studied, only 16 or about 
17 per cent. were superior breeders by the progeny test. 
PERFORMANCE RecorpD oF Mars 

Table 2 indicates the character of daughters produced 
by the three classes of males in all matings. The 69 
untested males were mated to 204 dams giving a total of 
1,614 daughters, or about 23 daughters from each sire. 
The data show that when these males were mated to hens 


TABLE 2 
BREEDING PERFORMANCE OF MALES IN ALL TYPES OF MATINGS 


Daughters 


Dams production No. of dams 
class No. Avg. Prod. 
69 Untested Sires 

2 3 202.44 

5 33 

15 19 

5d 448 

81 634 

29 219 

17 148 

204 1614 

15 Partially Tested Sires 

175-199 D 201.00 
200-224 3 27 226.59 
225-249 13 102 210.84 
250-27 17 142 215.62 
275-299 10 89 225.27 
300 2 20 217.48 

Totals 46 385 

7 Completely Tested Sires 

200-224 1 7 220560 
225-249 6 47 227.59 
250-274 + 32 232.82 
275-299 5 36 227.51 

Totals 15 122 


laying from 225 egg's to nearly 300 eggs, their daughters 
tended to average about 225. When mated to hens lay- 
ing 300 eggs or more, the daughters averaged about 234. 

The group of 15 partially tested males gave a very 
similar progeny record to that of the untested males. 
Even when mated to high-producing hens, the daughters 
were rather mediocre. Each of these males had an aver- 
age of about 25 daughters. 

The small group of 7 completely tested sires had only 
about 17 daughters each. This group of males was su- 
perior in all types of matings. 


_&§ 
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Table 3 summarizes the performance record of the 
three groups of males. There were 91 males mated to 
266 dams giving a total of 2,121 daughters. The daugh- 
ters of 69 untested males averaged 220 eggs. The daugh- 
ters of 15 partially tested males averaged 217 eges, which 
record is not significantly different from that of the un- 
tested group. Daughters of 7 completely tested males 
averaged nearly 229 eggs, a significantly higher mean 
than that for the other two groups of males. 

On the average, about 10 males and 80 females were 
used for breeding each year. The average number of 
daughters completing the year was 235, representing 
about 30 families. The fact now becomes evident that 


TABLE 38 
LAYING PERFORMACE OF ALL DAUGHTERS FROM THREE CLASSES OF MALES 


Daughters 
Class of males No. of sires No.ofdams —— — - — 
No. Avg. Prod. 
Untested 69 204 1614 220.09 
Partially tested 15 46 385 217.26 
Completely tested 7 16 122 228.53 
Totals 91 266 2,121 


only about 2? or 37.5 per cent. of the families could be 
retained because of the lack of housing space. It is also 
clear that this experiment was operated on a small scale 
compared with what is considered adequate in breeding 
for high fecundity. 

Our data show that tested sires increased the mean egg 
production of daughters about 9 eggs over those of un- 
tested sires compared with Lerner and Hazel’s (1947) 
figure of 7.2 eggs. Our records indicate no difference in 
the laying ability of daughters from untested and par- 
tially tested males, which conclusion is in agreement with 
Lerner and Hazel. The data indicate that 16 out of 91 
males that were given the progeny test were actually 
superior by the standards laid down. These results 
agree with the data presented at the 1939 Breeders School 
where out of 87 males tested, only 9 were superior when 
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mated to 200—250-egg hens and none, when mated to hens 
laying more than 250 eggs. 

In general, this study points to the desirability and im- 
portance of progeny testing to discover superior males, 
and emphasizes the relative scarcity of superior indi- 
viduals. 

SuMMARY 

In an experiment in breeding for high fecundity over a 
nine-year period, from 1937 to 1945, the performance 
records of 91 Rhode Island Red males were studied. 
Sixty-nine of these males were used for breeding without 
the progeny test, 15 had a partial progeny test, and 7 
were progeny tested. These males were mated to 266 
females of various ages and produced 2,121 daughters 
with complete annual records. 

In the untested group of 69, 11 proved to be superior 
breeders. Of the 15 partially tested males, 2 proved to 
be superior. Out of 7 progeny-tested males, 3 proved to 
be superior breeders by the standards used. Tested 
males gave daughters with an average of about 9 eggs 
over the daughters of untested sires. The extreme rarity 
of superior males is well illustrated, and the need for 
large-scale operations is indicated. 

LITERATURE CITED 
Godfrey, A. B. 
1946. Poultry Science, 25 (2): 148-156. 
Lerner, I. M. and L. N. Hazel 
1947. Genetics, 32 (3): 325-339. 


REVIEWS AND COMMENTS 
EDITED BY PROFESSOR CARL L. HUBBS 


In these reviews and notices of current biological publications emphasis 
is given to books and major articles which fall within the special scope of 
THE AMERICAN NATURALIST, in that they deal with the factors of organic 
evolution. REVIEWS AND COMMENTS are meant to include also such general 
discussions, reports, news items and announcements as may be of wide 
interest to students of evolution. Except as indicated, all items are pre- 
pared by Dr. Carl L. Hubbs, Scripps Institution of Oceanography, University 
ot California, La Jolla, California. All opinions are those of the reviewer. 


Human Breeding and Survival: Population Roads to Peace 
or War. By Guy Irvine Burcu anp ELMER PENDELL; 
foreword and postscript by Watter B. Pirxry. (Pelican 
Books, P17.) New York: Penguin Books, Inc., 1947: i-iv, 
1-138. 25 cents. THis small book is a slightly revised 
edition of one by the same authors published in 1945 by 
the Population Reference Bureau, of Washington, D. C., 
under the title ‘‘ Population Roads to Peace or War.’’ It 
presents in a foreeful manner the problem of human over- 
population, a problem which is growing in seriousness 
and which endangers our world civilization. ‘‘At least 
two out of three of the world’s people live in want of the 
barest necessities of life.’’ Yet, ‘‘During the ten years 
immediately preceding World War II the population of 
the earth increased by 20,000,000.’’ . . . ‘In the presence 
of such actual and potential increase in population, is it not 
clear that revolutions in agriculture, industry, transporta- 
tion and government can no more produce freedom from 
want than fireflies can light up the darkness of the night”’ 
(p. 1). At the same time that many of the natural 
resources of the earth are being rapidly depleted, popu- 
lation continues to increase. Democracy cannot thrive in 
overpopulated areas where competition for the necessities 
of life is severe and where education must accordingly be 
neglected. Overpopulation and the resulting heavy com- 
petition leads naturally to internal disorders and to war. 
However, the successful waging of modern war demands 
a backlog of natural resources and a well-nourished and 
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well-educated people. An overpopulated country is there- 
fore more vulnerable to attack than one wiich has a re- 
serve of resources. The authors calculate that even if 
population control could immediately be put into opera- 
tion and the world birth rate reduced to a level suited to 
the maintenance of the present population density, never- 
theless the world population would still continue to in- 
crease dangerously until well past the year 2000, due to 
the growing to maturity of the children who have recently 
been born. 

It is evident that the evils of overpopulation can be 
escaped only by birth control of some sort. The migra- 
tion of peoples can at best produce only temporary relief. 
The means by which birth control is to be accomplished, 
however, is highly debatable. The danger is that in the 
process of birth control the better heredity of the popula- 
tion may be lost. The authors believe that an increase 
in the sterilization of defectives would help. They also 
recommend improvement in the marriage laws to prevent 
the marriage of persons carrying defective heredity and 
of men who are earning less than a minimum wage. To 
the reviewer, however, such reforms, desirable though 
they may be, appear wholly inadequate to accomplish the 
hoped-for results. 

This book should be read and its contents pondered by 
every person who is interested in the future of our civili- 
zation. These are biological problems and biologists es- 
pecially should be concerned in their practical solution.— 
Lee R. Dicer, Laboratory of Verebrate Biology, University 
of Michigan, Ann Arbor, Michigan. 


Darwin’s Finches. By Davin Lack. Cambridge: At the 
University Press (New York: The Macmillan Co.), 1947: 
i-x, 1-208, figs. 1-27, frontisp. + pls. 1-8. $4.50. Davin 
Lack has followed in the footsteps of Charles Darwin. 
The small land birds of the Galapagos that started 
Darwin to thinking in evolutionary concepts have now 
provided material for one of the many significant sequels 
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to ‘Origin of Species.’? In this book Lack presents not 
only a summary of his researches on the Geospizinae, but, 
further, a rather complete philosophy of’ speciation. 

‘‘Darwin’s finches’’ comprise a diverse assemblage of 
seemingly unrelated birds that are, nevertheless, of ob- 
viously close common ancestry. Similarities in repro- 
ductive behavior lead the impressive lines of evidence of 
close relationship. Despite their present diversity all 
members of the group almost certainly stemmed from a 
single species that long ago invaded the archipelago. 

The common ancestor is assumed by Lack to have been 
a groundfinch (Geospiza), which in the absence or near- 
absence of competition over a prolonged period became 
modified into parrot-like, warbler-like and woodpecker- 
like birds, into insect eaters, cactus-eaters, ete. It could 
be argued, however, that the widespread warbler-finch 
(Certhidea) is nearer the ancestral type. The exact 
course of the phylogeny is questionable, as Lack admitted 
in saying that ‘‘from the seeds planted by Darwin, a for- 
est of evolutionary trees came to adorn the text-books of 
zoology.’’ <A realization of the frequency of parallel and 
convergent adaptations and an appreciation of the almost 
endless possibilities of evolution from all sources other 
than highly specialized end-products do not lead one to 
place great confidence in set phylogenies. 

The exact course of the evolution of the group, however, 
is relatively immaterial. The significant point is that all 
the varied members have stemmed from a single ancestor, 
which colonized the archipelago long ago when few or no 
other land birds were present. Confronted with a world 
of unoccupied niches and for long ages receiving little 
competition from the few immigrants, this ancestral form 
and its early descendant species differentiated on the pat- 
tern of radiative adaptation. Much of the diversity of 
the whole passerine group was thus attained, slowly in 
terms of generations but probably very rapidly in com 
parison with the evolution of birds on relatively saturated 
continents. One more link is thus added to the chain of 
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evidence, that the ecological potential may be more sig- 
nificant than the genetic. 

Since the differentiation of the Geospizinae has been so 
extensive, relatively rapid and contained within a small 
evolutionary circle, the great structural changes are 
wisely given less taxonomic weight than the same order 
of difference is accorded among birds in general. The 
same is shown to be true, even more notably, of the 
Drepanidae of the Hawaiian Islands. 

In the extensive radiative adaption of the Geospizinae, 
an important factor has no doubt been geographical isola- 
tion on different islands, followed by the dispersal and 
admixture of the differentiated products. The geograph- 
ical isolation factor, however, may not have been so domi- 
nant and so indispensable as Lack, along with Mayr and 
other ornithologists believe. Within single African lakes, 
where isolation must have been primarily ecological, cich- 
lid fishes have undergone much more extensive differ- 
entiation in probably less time. When the ecological 
potential is high, as it doubtless was on the Galapagos, 
differentiation may well proceed with segregation which 
is only partial at first but which becomes more complete 
through selection against hybrids. As Lack points out, 
the isolation on the close-lying islands may not be com- 
plete. 

In support of his emphasis on purely geographical iso- 
lation Lack states that ‘‘no single island, however remote, 
has given rise to an adaptive radiation of land birds.’’ 
Perhaps that is true of very small separate islands, but 
is not true of larger islands, such as New Guinea and Cele- 
bes, which in a way is more comparable to an archipelago. 
And certainly isolation and adaptation are not alternative 
factors, as Lack seems to argue. 

Lack treats as a process of speciation the secondary 
invasion of an island by a form that, after isolation on 
another island, has become so differentiated that it will 
not freely interbreed with the original form. Obviously, 
complete speciation had alreadly been attained before the 
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reinvasion. The circumstance that the members of one 
modern school of ornithology would regard such strictly 
representative forms (before the reinvasion) as sub- 
species merely grades them as unwise lumpers. Geo- 
graphical representation is no proof of specific unity—as 
Lack indeed recognizes for some forms. Completeness of 
differentiation, I hold, remains the best criterion of spe- 
cific distinctness. I will admit, with Lack, however, that 
to decide on subspecies or on species status is inevitably 
arbitrary in border-line cases. I also agree on the neces- 
sity of 75 per cent separability for subspecies recognition. 
Strong evidence is presented that racial and subspecifie 
characters develop from individual differences and lead 
to full specific separation. ‘‘Big evolutionary changes 
are normally achieved in a series of small steps.’’ 
Lack demonstrates the dominant role that competition 
plays, not only in habitat selection and in the differentia- 
tion of habits, but also in speciation. Bolstering his con- 
clusions with evidence from other animals, he shows that 
sharp differences in habits and in habitat are manifested 
when related forms live together. Where it occurs alone, 
each of the forms tends to exhibit a wide range in habits 
and to occupy not only its own optimum habitat but also 
the niche of the other form. The same relations are mani- 
fested by the Galapagos birds in structural characters. 
Two related forms when occurring together diverge not 
only in habits and in habitat but also in associated strue- 
tures. Thus they differ markedly in general size or in 
size and streneth of beak. On islands inhabited by only 
one form, more generalized habits prevail and the general 
size or the type of beak is intermediate. Or the lone form 
will grade toward the other in size or in bill characters. 
As Lack points out, this intermediacy of the lone form 
does not indicate either that it is a common ancestor or 
that it is of hybrid origin. It is merely independently 
adapted to a wider range of habits and habitat or to inter- 
mediate conditions. Exact relationships in such minor 
complexes are wisely regarded as indeterminate. 
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Most of the odd individuals that happen to be inter- 
mediate between two species are likewise regarded as in- 
dependent variants rather than as hybrids. If more dif- 
ferential characters had been known, a sounder judgment 
could have been reached. A very few specimens are plau- 
sibly regarded as intergeneric hybrids. Hybridization, 
however, is discarded from consideration as a factor of 
importance in the speciation of these birds. Captive 
specimens bred intraspecifically but not interspecifically. 

On theoretical grounds partial sterility is favored as a 
factor that speeds differentiation, since it accords a selec- 
tive disadvantage to the cross-mating of the incipient spe- 
cies. Because it speeds the process to completion, such 
partial sterility is difficult to demonstrate in nature. No 
direct evidence bearing on this interpretation was ob- 
tained in the present study. 

Since competition is a factor of outstanding impor- 
tance in speciation, the process of radiative adaptation 
in a region of little original competition is plausibly re- 
oarded as self-accelerative. Differentiation leads to the 
division of the available food. Each new product of spe- 
cialization tends to pre-empt a niche and thus to force 
other evolving kinds to become adapted to other niches. 
Each new form specialized to fill a previously unoecupied 
niche is likely to spread to other islands, where, with iso- 
lation, further differentiation will ensue. 

Lack of or a low degree of predation on the islands is 
thought to have favored adaptations to food and feeding, 
for the populations presumably increased until food be- 
came a limiting factor. Adoption of a new food would 
give great selective advantage. As the result, there now 
exist vast differences in food and in structures related to 
feeding. Some series of two or three species differ solely 
in general size and in beak size. In Geospiza the beak in 
the larger species becomes inordinately enlarged and 
heavy. Unexpectedly, the relation is not one of relative 
erowth or allometry. The differential size of the beak 
serves not only to broaden the food range but also as the 
means of species recognition. 
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The most remarkable specialization in feeding habits 
is exhibited by the woodpecker-finch, which, lacking the 
woodpeckers probing tongue, uses a stick or a cactus 
thorn for this purpose. This is said to be the only known 
definitive use of a tool by a bird. 

With some exceptions, the differential characters of 
the closely related forms as well as of the genera are re- 
garded as obviously or as presumably adaptive. <Acci- 
dental origin, recombination, fixation and elimination of 
characters, as by the ‘‘ Wright drift,’’ is largely outruled. 
In general I follow and agree with Lack’s present (modi- 
fied) views as to the importance of natural selection in 
the speciation of Darwin’s finches, but I do not agree with 
him in the view that natural selection ‘‘operates primarily 
for the survival of the individual, or of the individual 
family, and only incidentally for the good of the species.’’ 


Surely, selection can also operate on the level of species, 
of faunas and of associations. 

Repeatedly inserting comparable observations on other 
birds and on other groups of animals, Lack expands his 
speciational views into generalizations. He thus shows 
that Darwin’s finches are not unique in their mode of 
evolution. Most of the species are not extraordinarily 
variable, as is sometimes claimed. In this respect, how- 
ever, Lack’s assertions are somewhat conflicting and 
surprisingly little comparable and adequate data seem to 
be available for other birds. 

Perhaps the broadest conclusion reached by Lack is 
that adaptation rapidly fills vacant niches. Finches ean 
become warblers and woodpeckers and parrots—to all 
ecological intents, when such birds are absent, but not 
when they are present. Compositae and cactuses can be- 
come trees, where trees do not occur. Tortoises can grow 
huge and abundant to take the place of the large herbivo- 
rous mammals, where the latter are absent. In the con- 


trol of evolutionary rate, the ecological potential seems 
to transcend the genetie potential. 
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SHORTER ARTICLES AND DISCUSSION 
A PROBABILITY INTERPRETATION OF THE 
CONCEPT OF HOMOLOGY 


As teachers concerned with the problem of presenting 
the principles of biology to beginning students we were 
much interested in the discussions by Boyden (1945) and 
by Hubbs (1944) of their views on the subject of ho- 
mology and analogy. It is perhaps desirable now, in re- 
newing the pursuits of peace, to raise again the problem 
they discussed. 

The problem we are concerned with is not so much that 
of a uniform usage of terms, even though this in itself is 
desirable, as it is that of widening and modernizing a 
basic concept in modern biology, the concept of homology. 
A clarification of the meaning and implications of this 
principle seems to us of the greatest importance to teach- 
ers for without it our students gain little appreciation of 
the significance of the comparative morphology that we 
teach them. 

Following Hubbs’ general orientation we would ven- 
ture to define homology as the condition of similarity be- 
tween two characteristics in organisms which results from 
their having had a common origin in evolution. The 
common origin may refer to the characteristic in a com- 
mon ancestor (special homology) or to the same kind of 
thing in successive segments of a homonomously segmen- 
ted ancestor (serial homology). 

There are many criteria or sources of evidence by which 
homology may be established. We may briefly list and 
illustrate some of these as follows: 

1. Similarities in fundamental structural arrangement. 
This is the classical criterion of homology as illustrated in 
the well-worn example of the wing of the bird and the arm 
of man. 

2. Similarities in development. Again we are dealing 
with classical usage as in the homology of various mam- 
malian derivatives of the pharyngeal system to the pha- 
ryngeal apparatus in fish. 
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3. Similarities in functional mechanism. Here we are 
on less familiar ground. Homology of the endostyle of 
ammocoetes with the vertebrate thyroid is clearly attested 
to by the iodine storage capacity of the two structures 
(Gorbman and Creaser, 1942). Again the haematopoi- 
etic tissue and the chromaffin tissue in different verte- 
brates may be regarded as homologous in spite of the 
variability of its distribution in different groups and in 
different periods in a given animal. In this instance, as 
in so many others it would be difficult to say to what ex- 
tent we are dealing with structural considerations and to 
what extent with function. In many instances biologists 
use the word function in the sense of purpose or perhaps 
over-all accomplishment. In such a meaning function 
would rarely have any significance for homology. But 
function in the sense of mechanics of action where de- 
tailed mechanism are meant (Tait’s intrinsic functional 
mechanism, Tait, 1928) is of evolutionary significance. 

4. Similarities in chemical composition. The chroma- 
tin in bacteria and in nucleate cells may legitimately be 
recognized as homologous on the basis of the fact that 
both are desoxyribose nucleoproteins and such proteins 
are peculiar to the nucleus in nucleate cells (Pollister and 
Mirsky, 1944). The precipitin tests for similarities of 
proteins likewise establishes homology between blood 
plasmas (Boyden, 1942). 

5. Similarities in position in the life cycle. The clas- 
sical cases here are the clearly acceptable homologies be- 
tween gametophytes in flowering plants and in lower em- 
bryophytes despite almost complete change in general 
morphology. Zoologists in writing on homology often 
fail to appreciate the clarity and significance of homology 
as seen in the life histories of plants where conventional 
zoological criteria completely fail us. Indeed it would be 
difficult to put into words just what the criteria are, yet 
no one seriously questions the main lines of homology as 
worked out in plant life histories. 

6. Similarities in behavioral patterns. A good ex- 
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ample is the discussion of the phylogeny of reproductive 
behavior in Amphibia as given by Noble (1935, p. 386) or 
the example of the clawing of the cat tribe mentioned by 
Hubbs. 

In the foregoing we can be seen to follow entirely with 
Hubbs in his concept of homology, though Hubbs, with 
perhaps greater wisdom than the present authors, re- 
frains from giving formal definitions or itemized criteria. 
But now, let us go beyond the listing of criteria and ask 
what it is about these criteria that enables us to recognize 
homology by their means? What is it that they have in 
common? As Boyden (personal communication) has ob- 
served, it would be difficult to ‘‘ascertain what the end 
points of the relation of homology would be if the term 
were extended to physiological comparisons generally.’’ 
We suspect that it is the failure to meet this objection that 
constitutes the chief difficulty inherent in the attempt to 
extend homology to other criteria than structure. 

The thing that is common to all of the types of criteria 
and that enables us to recognize the evidence of homology 
in them may, we believe, be reduced to considerations of 
probability. For example, there are innumerable ways in 
which a limb might be constructed. That any two organ- 
isms use a similar pattern of skeletal levers, muscle, 
nerves, ete. can hardly be thought of as a similarity that 
could have arisen except as a result of a common origin. 
For it would seem improbable in the highest degree that 
structures starting from different beginnings would have 
evolved the same details of mechanism when there seem to 
be an indefinitely large variety of choices by which es- 
sentially the same results may be accomplished. Thus 
even though adapted to the same kind of activity, parts 
derived from different sources would probably differ in 
the way in which they would accomplish this adaptation. 
The greater the number of equal possibilities the more 
likely it is that the occurrence in two separate organisms 
of a given condition is to be ascribed to common origin and 
therefore is an indication of homology. 


| 
| 


No. 801] SHORTER ARTICLES AND DISCUSSION 471 


In the light of this it becomes clear where the strength 
and weaknesses of the various evidences for homology de- 
seribed above lie. For it is evident that where, as far as 
we can judge, the possibilities are few, similarity may 
well be explained by convergence. Thus we know of few 
chemical compounds in organisms which can serve as oxy- 
gencarriers. Therefore when two organisms have haemo- 
globin in common we must recognize the possibility that 
they each had been led separately to the development of 
the same compound, and that we are dealing with a case 
of parallelism, not homology. On the other hand the pos- 
sible permutations and combinations of bony elements in 
an appendage seems inherently great. The unique ar- 
rangement of the tetrapod limb therefore argues strongly 
for homology wherever it occurs. It can thus be seen that 
the predominance of structural and developmental con- 
siderations in the study of homology is proper and neces- 
sary since as a general rule physiological factors present 
fewer alternatives. Yet in individual instances physio- 
logical, behavioral or other considerations may be as con- 
vineing as structure in pointing to homology. The judg- 
ment cannot be made on the basis of the classification type 
of the evidence but only on the basis of an evaluation of 
the chances of independent vs. dependent origin. 

Another important point that emerges is that we can- 
not assert homology as a fact, we can only infer it as a 
probability, for even the clearest evidence makes it no 
more than a probability that we are dealing with common 
origin rather than convergence in evolution. In this con- 
nection we see that we cannot consider each item in isola- 
tion but must weight the probabilities by considering the 
organism as a whole in its evolutionary interrelationships. 
Thus, however probable it may seem that two structures 
agreeing in morphological or other detail are homologous, 
we can hardly consider them so if they occur in organisms 
whose other characteristics argue non-homology. Though 
cellulose occurs in the tunie of ascidians it would hardly 
be thought that it is homologous to plant celluloses. On 
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the other hand an investigator’s interpretation of the sim- 
ilarity between the solenocytes of Amphioxus and Poly- 
chaetes would depend as much on the interpretation he 
held of general chordate origins as on the detailed simi- 
larities of the two structures (Goodrich, 1930). Thus, 
though Goodrich accepts the homology, Hyman (1940) 
who derives chordates from the enterocoelous line, speaks 
of the similarity as ‘‘an inexplicable fact’’ (page 37). 
In our view, the solenocytes of the two animals are paral- 
lelisms, not homologies, despite the morphological near- 
ider‘ity. It is true that such parallelism in morpholog- 
ice ‘ctail is improbable but in rare instances it can be ac- 
cepted when the other evidence, as in this case, is accepted 
as excluding the possibility of common origin. We would, 
therefore, not call it inexplicable, just exceptional. In re- 
cent years the recognition of convergence and parallelism 
in evolution has become so fashionable as to throw some 
confusion into our thinking on homology. Yet if we keep 
in mind the probability approach, the essential soundness 
of classical notions which base homology on structure and 
development can be appreciated while retaining the 
validity of newer sources of evidence. 

Homology is an inference. It is the inference that a 
given similarity is the outcome of common inheritance 
rather than of other influences making for similarity. As 
an inference it is based on the weighing and interpretation 
of evidence. We cannot avoid the difficulties of making a 
judgment in a particular case, all we can hope to do is 
to clarify the basis on which that judgment is to be made. 
Our present thesis is then that the proper basis for judg- 
ment is the probability that the similarities, whatever 
their nature, point to common origin. 

As an example of the application of this interpretation 
of homology we may consider the fact mentioned as an 
anomaly by Hubbs (1944) namely, that homologies are 
often clearer between higher taxonomic categories than 
between related species. On the probability basis it can 
be seen that it is more likely that similar changes could 
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arise independently in closely related organisms than that 
a long continued parallelism or convergence should be 
maintained between more distantly related forms. 

The problem of the use of the word analogy appears to 
us to be entirely a semantie one in which no fundamental 
ideas are involved and convenience alone furnishes the 
standard. Without elaborating the argument therefore, 
we may say that from this point of view we have been 
using the word to indicate functional similarity irrespee- 
tive of homology We then would classify similarities as 
follows: 

A. Homologies—sinilarities indicative of common evo- 
lutionary origin. Homologies may exist in structures, 
function, behavior, ete. 

B. Non-homologous similarities—similarities despite 
different origins. Such similarities may result from con- 
vergence, parallelism, accident, ete. 

C. Analogies—similarities in function irrespective of 
whether sharing a common evolutionary origin or not. 
Such similarities are often suggestive of possible homol- 
ogies, sometimes deceptively so. Therefore they consti- 
tute a useful type of biological relationship for investiga- 
tion. Analogies may be homologous or non-homologous. 
Homologies may be analogous or not. 
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A NOTE ON INDUSTRIAL MELANISM IN RELATION TO 
SOME RECENT WORK WITH DROSOPHILA 


Tus note has been prompted by a series of interesting papers 
by Dubinin and Tiniakov, the latest published recently in this 
country (1946). They demonstrated significant differences in 
the presence of certain inversions in urban, suburban and rural 
districts and discuss the facts from the standpoint of population 
genetics. It should be pointed out that a closely parallel group 
of facts was studied a long time ago. This is the work on so- 
ealled industrial melanism in moths, which has played a consid- 
erable role in European discussions on selection (e.g., by Bateson, 
Ford, Goldschmidt, Harrison. See reviews by Ford, 1937, and 
Goldschmidt, 1940) but has remained relatively unknown in this 
country. The best analyzed ease is that of the nun moth, 
Lymantria monacha (Goldschmidt, 1921) in which melanie varie- 
ties have replaced the original white form within forty years, 
starting in highly industrialized areas. The genetic analysis 
showed that melanism is based upon three additive factors, one 
dominant and sex-linked, one recessive and autosomal and an- 
other minor recessive autosomal. On the basis of this analysis 
and the known time of replacement an attempt was made to cal- 
culate the mutation rate needed to produce this result without 
selection. As no proper technique for such a calculation was 
available at that time (1919), formulae were developed for a 
rather crude calculation which led to the conclusion that about 
five hundred generations would be needed with a mutation rate 
of 1 per cent. and that the actual result required a rate of about 
10 per cent. As this could be considered improbable, selection 
pressure must have played a role. Some quantitative experi- 
ments to prove the selective advantage of the melanic forms were 
made but did not lead to positive results. Later it became prob- 
able (independently also to Heslop Harrison) that the selective 
agent might be resistance of the melanie form to the poisonous 
metal salts incrusting the pine needles (upon which the larva 
feeds) in industrial areas. Experiments made (together with 
Kate Pariser and the collaboration of Haber’s institute of phy- 
sico-chemistry ) were inconclusive because of the high mortality 
rate. 

As the problems involved have come again into the foreground 
recently I found it advisable to have my old calculations checked 
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by more exact methods. Professors E. R. Dempster and M. 
Lerner were so kind as to do this and to permit me to quote the 
following statement which shows that my conclusions were cor- 
rect in the order of magnitude though not in the exact figures 
reached by crude calculation. Professor Dempster states first a 
set of conditions, known and postulated, upon which the answer 
hinges. I add, in parentheses, my remarks to these conditions. 


A. Conditions 

1. Differentiation into dark and light forms is ‘controlled by two 
pairs of alleles, an autosomal pair B—b, and a sex-linked pair 
C-e. All ¢ females and all Bbee and bbee males are light, all 
other genotypes producing dark forms. (The minor autosomal 
A factor is rightly neglected.) 

2. The regular interval between generations is one year. 

3. There are equal numbers of males and females. 

1, Mutations of the dominant to the recessive types do not occur. 

5. Mutations at both loci from the recessive to the dominant oceur 
at the same rate, and the proportions of the dominant alleles at 
both loci are the same. (Assumption which cannot be checked.) 

6. The probability of a mutation occurring in a recessive allele is 
independent of the remainder of the genotype and is the same in 
each generation. (A fair, but unproven, assumption.) 

7. The population is large, mating occurs at random, and there is 
no migration. (There is sometimes mass migration followed by 
wholesale destruction. ) 

8. The frequency of moths mosaic for genetic constitutions for dark 
and light coloration may be neglected. 

B. The solution is as follows, preserving the notation used by Goldschmidt: 
The proportion of dark males given by the numerator of the fraction at 

the bottom of p. 155, reduces itself to 

Py = X*—2X*°+ 2X, 
That of the dark females, 


and hence of all moths, 


2X2 + 3X 


Assuming an initial frequency of dark moths of two per cent, 
X = .0133, 
while a final frequency of 98 per cent. yields 
X = .9600 
Hence, initially the proportion of recessives at each of the two loci was 
(1-X) or .9867 per cent., and 40 years later .0400. The mutation rate u can 
then be found from 
(1-u)* (.9867) =.040. 
log (1-u) = 9.96520-10, 


and u=.077 or 7.7 per cent per year. 


im 
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Under the same circumstances, the number of years required for the final 
concentration to be reached from the initial given one solely by a mutation 
rate of one per cent. (n) can be obtained from 

(1-.01)" (.9867) = .04, 


where n is found to be equal to 319 years. 


Obviously we are dealing here with a situation which mutatis 
mutandis closely parallels that revealed in the work of the Rus- 
sian authors. In the moth the adaptive mutant loci affect simul- 
taneously an external visible character (melanism) and the gen- 
eral selective feature (adaptation to large quantities of metal 
salts in the food) can at least be considered probable. In Dro- 
sophila the genetic differential seems to be inversions which pro- 
duce the adaptive condition. I can not imagine any more plaus- 
ible explanation than a position effect of the inversions of an 
unknown physiological type. In this case the only difference 
between the two sets of facts would be cytologically unanalyzed 
adaptive mutants with an additional visible effect vs. adaptive 
position effect. I think that this parallelism should also be 
kept in mind when evaluating the conclusions from Dobzhansky’s 
pseudoobscura work. The relation in Gershenson’s recent work 
(1945) in the hamster is obvious. 
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